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Exaggerated Pulmonary Hypertension and Right
Ventricular Dysfunction in High-Altitude Dwellers
With Patent Foramen Ovale
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BACKGROUND: There is considerable interindividual variability in pulmonary artery pressure
among high-altitude (HA) dwellers, but the underlying mechanism is not known. At low alti-
tude, a patent foramen ovale (PFO) is present in about 25% of the general population. Its
prevalence is increased in clinical conditions associated with pulmonary hypertension and
arterial hypoxemia, and it is thought to aggravate these problems.

METHODS: We searched for a PFO (transesophageal echocardiography) in healthy HA dwellers
(n=22) and patients with chronic mountain sickness (n = 35) at 3,600 m above sea level and
studied its effects (transthoracic echocardiography) on right ventricular (RV) function, pul-
monary artery pressure, and vascular resistance at rest and during mild exercise (50 W), an
intervention designed to further increase pulmonary artery pressure.

RESULTS: The prevalence of PFO (32%) was similar to that reported in low-altitude populations
and was not different in participants with and without chronic mountain sickness. Its presence
was associated with RV enlargement at rest and an exaggerated increase in right-ventricular-
to-right-atrial pressure gradient (25 +7 mm Hg vs 15+ 9 mm Hg, P<<.001) and a blunted
increase in fractional area change of the right ventricle (3% [—1%, 5%] vs 7% [3%, 16%],
P=.008) during mild exercise.

coNcLusIONs: These findings show, we believe for the first time, that although the prevalence
of PFO is not increased in HA dwellers, its presence appears to facilitate pulmonary vasocon-
striction and RV dysfunction during a mild physical effort frequently associated with daily
activity.
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Pulmonary vasoconstriction is a hallmark of the adapta-
tion to high-altitude (HA) hypoxia.! In the Andes and
other mountain regions of the world, millions of people
are chronically exposed to hypoxia.2 There is consider-
able interindividual variability in pulmonary artery
pressure among HA dwellers, with a substantial propor-
tion displaying pulmonary hypertension.? The reason
for the variability in the pulmonary artery pressure
response in HA dwellers is poorly understood.

Observations in low-altitude residents susceptible to
HA pulmonary edema (HAPE), a condition character-
ized by exaggerated hypoxemia and pulmonary hyper-
tension during acute HA exposure,* suggest that a
patent foramen ovale (PFO) could represent an under-
lying mechanism.’ In a study by Allemann et al, a PFO
was found to be more frequent in HAPE-prone partici-
pants than in mountaineers resistant to this condition,
and spontaneous right-to-left-shunting was found in
these subjects at HA. These findings suggest that in
HAPE-prone individuals with a PFO, the acute hypoxic
pulmonary vasoconstriction initiates a vicious cycle by
causing right-to-left shunting across a PFO, which, in
turn, aggravates hypoxemia, resulting in reduced

mixed venous oxygen tension and greater pulmonary
hypertension.’

At low altitude, a PFO is present in approximately
25% of the general population, and its prevalence

is increased in clinical conditions associated with
increased pulmonary artery pressure.*” To our knowl-
edge, there is no information on the prevalence of a
PFO in HA dwellers and its potential consequences on
pulmonary artery pressure and right ventricular (RV)
function. We speculated that in HA dwellers, the pres-
ence of a PFO is associated with increased pulmonary
artery pressure and/or RV dysfunction. To test this
hypothesis, in healthy HA dwellers and in patients with
chronic mountain sickness (CMS) living permanently
at 3,600 to 4,000 m (a study population expected to
encompass a wide range of pulmonary artery pressure),
we searched for PFO by transesophageal echocardiog-
raphy (TEE) and studied its effects on pulmonary
artery pressure, pulmonary vascular resistance (PVR),
and RV function at rest and during mild exercise,

an intervention designed to further increase pulmo-
nary artery pressure and facilitate the detection of

RV dysfunction.?

Materials and Methods
Study Design and Participants

The study population consisted of 35 male patients with CMS and
22 healthy male HA dwellers living permanently in the city of La Paz or
its surroundings (3,600-4,000 m altitude), enrolled consecutively in the
study. All participants had typical Aymara surnames and self-identified
themselves as Aymaras (the major indigenous population living in this
region).

The patients with CMS were recruited at the Instituto Boliviano
de Biologia de Altura, where the diagnosis of CMS was established based
on the previously published consensus statement criteria of chronic
HA diseases. Briefly, patients with CMS were required to have erythro-
cytosis (hemoglobin value =21 mg/dL at the time of diagnosis), normal
pulmonary function studies (carbon monoxide diffusion capacity with
single-breath technique and lung function), and no history of smoking
or of lung injury from occupational exposure. At the time of the study,
some patients had hemoglobin values <21 mg/dL because of blood-
letting. Additionally, a CMS score >5 was required for the diagnosis
of CMS according to the consensus statement of chronic HA diseases.®

Healthy control subjects born and living permanently in the city of
La Paz or its surroundings (3,600-4,000 m altitude) were sought through
advertising and were prospectively enrolled in the study. All healthy
participants had normal pulmonary function tests and no history of
smoking or working in the mining industry, and after a thorough workup
did not fulfill the diagnostic criteria for CMS mentioned previously.

The study was conducted in accordance with the amended Declaration
of Helsinki. The experimental protocol was approved by the insti-
tutional review board on human investigation of the University of
San Andres La Paz, Bolivia (CEI UMSA No. 128-2012). All participants
provided written informed consent. All studies were performed at the
Instituto Boliviano de Biologia de Altura in La Paz (3,600 m).
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Doppler Echocardiography

Transthoracic echocardiography and TEE were performed with real-
time, phased-array sector scanners (Philips CX50; Koninklijke Philips
NV and GE Vivid I; GE Healthcare) with an integrated color Doppler
system and a transducer-containing crystal set for imaging (3.5 MHz,
7MHz for the TEE omniplane probe) and for continuous-wave Doppler
recording (1.9 MHz). The recordings were stored on videotape for
offline analysis by two investigators who were unaware of the partici-
pants’ clinical history.

Transesophageal Echocardiography

TEE was performed under mild sedation (IV midazolam, 1-4 mg
according to the clinical response) following pharyngeal local anes-
thesia with lidocaine 10% spray. TEE, in combination with an injection of
2 mL of echo contrast medium (ad hoc sonicated mixture of 0.2 mL air
plus 1.8 mL plasma expander [Physiogel; Pharmacy of the University
Hospital, Inselspital]) into the right antecubital vein and the Valsalva
maneuver, were used for the search for a PFO in at least two orthogonal
image planes.’®!! The contrast bolus injection was given at the start of
the strain phase of the Valsalva maneuver. The maneuver was consid-
ered successful when immediately after the release of the strain phase
(lasting 5-10 s), a leftward deviation of the interatrial septum in the
fossa ovalis region was observed (related to the short right atrial preload
and pressure increase). The diagnosis of a PFO required the crossing
of bubbles from the right to the left atrium within four heart beats
following the release of the strain. The size of the PFO was graded semi-
quantitatively according to the maximal number of bubbles crossing
into the left atrium, using a scoring system of 0 to III: grade I, less than
six bubbles; grade II, six to 20 bubbles; grade III, > 20 bubbles.!>> We
did not encounter any complications in performing TEE.

Transthoracic Echocardiography

Left ventricular (LV) end-systolic and end-diastolic volumes were
measured, and the ejection fraction was calculated using the modified
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biplane Simpson method. Using the pulsed-wave Doppler technique
from the apical four-chamber view, the inflow over the mitral valve
(early diastolic E and late diastolic A velocities) was obtained, with the
sample volume placed at the level of the tips of the opened mitral leaf-
lets. Doppler tissue imaging (DTI) was performed in a pulsed-wave
Doppler mode. Gain and filters were adjusted as needed to eliminate
background noise and to allow for a clear tissue signal and were recorded
at a sweep speed of 100 mm/s. From the apical four-chamber view, a
5-mm sample volume was placed at the lateral and septal borders of the
mitral annulus, and the peak early diastolic tissue velocities (DTI E) at
the lateral and septal borders of the mitral annulus were measured. The
ratio of the early diastolic inflow E and the mean values of the lateral
and septal DT E have the best correlations with LV filling pressures
and invasive indexes of LV stiffness in subjects with a normal LV ejec-
tion fraction'* and were therefore used for the estimation of LV filling
pressure.

The LV outflow tract (LVOT) diameter was measured in the paraster-
nal long-axis view, and its cross-sectional area was calculated assuming
circular geometry. The stroke volume was calculated by multiplying the
LVOT velocity time integral (VTI) by the LVOT cross-sectional area:
stroke volume = VTILvor X w X D?/4. Cardiac output (CO) was then
obtained by multiplying the stroke volume by the heart rate, and the
cardiac index was calculated by dividing the CO by the body surface
area.

The right ventricular to right atrial (RV/RA) pressure gradient as a
surrogate of the estimated systolic pulmonary artery pressure was esti-
mated by transthoracic echocardiography, as described previously.'s
After tricuspid regurgitation had been localized with Doppler color
flow imaging, the peak flow tricuspid regurgitation velocity was mea-
sured using continuous-wave Doppler, and the pressure gradient
between the right ventricle and the right atrium was calculated using
the modified Bernoulli equation: RV/RA = 4 X (tricuspid regurgitation
velocity).2” All reported values represent the mean of at least three mea-
surements. To obtain echocardiographic estimation of PVR, we used
the formula proposed by Lindqvist et al': PVR = (pulmonary artery
mean pressure) — (pulmonary capillary wedge pressure)/CO, whereby
(pulmonary artery mean pressure) = (RV/RA +7) X 0.61 +2 mm Hg
and pulmonary capillary wedge pressure = 10 mm Hg.

All measurements were performed following the recommendations
of the European Association of Echocardiography and the American
Society of Echocardiography.’#’# RV basal, midcavity dimension,
RV end-diastolic area, and RV end-systolic area were obtained on an
apical RV focused view. Furthermore, the subannular RV/LV ratio was
calculated in the apical four-chamber view as described previously.?
The RV function was evaluated by the percentage of RV fractional area
change (FAC), defined as (RV end-diastolic area — RV end-systolic
area)/RV end-diastolic area X 100.'8 RV dysfunction was defined as
FAC = 35%. The RV systolic function was further assessed by tricuspid
annular systolic velocity. DTI velocities were obtained 1 cm more

apically than were the tricuspid valve annulus within the RV lateral wall
and were adjusted to cover the longitudinal excursion in both systole
and diastole; careful attention was given to choosing a high frame rate
acquisition and to aligning the ultrasound beam parallel to the moving
direction of the RV wall.’®

In addition, the RV function was assessed by measuring the tricuspid
annular plane systolic excursion of the lateral tricuspid annulus in the
four-chamber view as described previously.!® The right ventricular
end-systolic pressure-volume relationship (RV-ESPAR) was calculated
as described for the left ventricle? using the RV end-systolic area as a
surrogate of volume.2! RV-ESPAR, in contrast to other currently used
echocardiographic assessments of RV function, has been suggested to
represent a load-independent parameter of RV contractility that allows
one to overcome the flaws related to this problem.?> The intraobserver
variability and interobserver variability (n=50) for the RV/RA pres-
sure gradient, RV end-diastolic area, FAC of the right ventricle, and
LV VTI were 5.3% and 7.4%, 6.4% and 8.1%, 9.6% and 10.3%, and 2.7%
and 4.7%, respectively.

Exercise Test

Graded semi-supine exercise was performed on a bicycle ergometer
(Ergoline 900EL; Ergoline Company) with a 30° rotation to the left,
starting at an initial workload of 25 W for 3 min, followed by 50 W
for another 3 min, as described previously.?> Pulmonary artery pres-
sure, CO, and LV and RV function were estimated at rest and during
mild exercise at 50 W. Transcutaneous arterial oxygen saturation was
measured at a fingertip with a pulse oximeter (OxiMax N-595; Nellcor
Puritan Bennett Inc). Four participants did not undergo exercise stress
testing, and in two participants who underwent stress testing, measure-
ment of the RV/RA pressure gradient at 50 W was not possible because
of a poor acoustic window.

Statistical Analysis

Data were analyzed using MedCalc Statistical Software, version 12.7.8
(MedCalc Software bvba). Comparisons of continuous data between
the two groups were made with unpaired, two-tailed Student ¢ tests and
Mann-Whitney tests, as appropriate. For categorical data, the Fisher
exact test was used. Correlations of ordinal and skewed distributed con-
tinuous data were given with Spearman p. The influence of the presence
of a PFO on the different outcome variables adjusted for the CMS status
and the subject’s age was estimated in a multivariable regression model.

Sample size calculation based on previously reported data on pulmo-
nary hemodynamics? revealed that, assuming a mean RV/RA pressure
gradient difference of 10 mm Hg between the groups with and without
a PFO to be clinically relevant, an SD of 10 mm Hg, and a prevalence
of the PFO of 25%, 33 participants without and 11 participants with a
PFO were required to detect the stated difference with a power of 80%
and a type 1 error of 5%. Data are presented as mean & SD or as median
with interquartile range (IQR) as appropriate. A P value < .05 was con-
sidered to indicate statistical significance.

Results

Baseline Characteristics

A PFO was found in 18 of the 57 participants (32%), of
whom four had a PFO grade I, four had grade I, and
10 had grade III. Age, proportion of patients with CMS,
and other baseline characteristics were similar between
participants with and without a PFO (Table 1). A PFO
grade I or IT was found in four of 35 patients with
CMS (11%) and in four of 22 healthy HA dwellers (18%),
whereas a PFO grade III was found in six of 35 patients
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with CMS (17%) and four of 22 healthy subjects (18%)
(P=.96).

Arterial Oxygen Saturation, Pulmonary
Hemodynamic, and RV Variables at Rest

The resting RV/RA pressure gradient and PVR were sim-
ilar in HA dwellers with and without a PFO (Table 2). In
contrast, RV diameter, systolic and diastolic area, and
RV/LV ratio were greater in participants with a PFO com-
pared with participants without a PFO. RV-ESPAR, a
load-independent proxy of RV function, was significantly
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TABLE 1 | Baseline Characteristics at Rest According to the Presence/Absence of a PFO

Characteristic PFO (n=18) No PFO (n=39) P Value
Age, y 54.2 (10.3) 49.6 (10.7) .14
No. patients with CMS, No. (%) 10 (56) 25 (64) .75
Height, cm 164 (7) 165 (5) .48
Weight, kg 78.7 (10.4) 78.5 (13.4) .96
BMI, kg/m?2 29.2 (3.6) 28.6 (4.2) .62
Hemoglobin, g/dL 20.5 (2.6) 20.2 (2.6) .67
Hematocrit, % 57.3 (8.4) 56.5 (9.9) .82
CMS score 4.8 (2.6) 4.5 (3.6) .81
LVEF, median (IQR), % 63 (60, 65) 63 (61, 65) .66
Stroke volume, mL 69 (16) 77 (25) .21
Cardiac output, mL/min 4.8 (1.2) 5.2 (1.7) .44
E/DTI E 6.2 (1.5) 6.8 (1.5) .27
Systolic B, mm Hg 131 (16) 130 (15) .82
Diastolic BP,, mm Hg 82 (10) 81 (9) .80
Heart rate, beats/min 70 (12) 67 (9) .30

Data are given as mean (SD) unless otherwise indicated. CMS = chronic mountain sickness; E/DTI E = ratio of early mitral inflow velocity to average of
the septal and lateral mitral annular tissue Doppler velocity; IQR = interquartile range; LVEF = left ventricular ejection fraction; PFO = patent foramen ovale.

lower in HA dwellers with a PFO than in those without
this condition. Awake arterial oxygen saturation at rest

was comparable in HA dwellers with and without a PFO
(88% = 3% vs 89% * 2%, P = .22). After adjustment for
age and CMS status, the differences between the groups

with and without a PFO did not change significantly.

Arterial Oxygen Saturation, Pulmonary
Hemodynamic, and RV Variables During Exercise

We observed a 66% greater exercise-induced increase of
the RV/RA pressure gradient (Fig 1A) in HA dwellers
with a PFO than without a PFO, resulting in a roughly
20% higher RV/RA pressure gradient during mild

TABLE 2 | Pulmonary and Right Ventricular Hemodynamic Variables Assessed at Rest in High-Altitude Dwellers

With/Without a PFO

Variable PFO (n=18) No PFO (n=39) Adjusted Differences (SE)
RV/RA pressure gradient, mm Hg 24.4 (5.3) 24.8 (3.6) -1.2 (1.1)
PAMP, mm Hg 21.7 (2.8) 21.4 (2.2) 0.1 (0.6)
PVR, Wood units 2.5 (0.8) 2.4 (0.8) 0.0 (0.3)
RV basal diameter, mm 32.2 (3.5) 27.1 (3.3) 5.4 (1.1)°
RV midventricular diameter, mm 29.8 (2.7)¢ 26.7 (4.2) 3.6 (1.2)¢
RV to LV ratio 0.9 (0.1) 0.8 (0.1) 0.06 (0.03)¢
RV EDA, cm? 17.5 (2.6)c 14.9 (2.8) 2.6 (0.9)c
RV ESA, cm?2 11.4 (1.6)° 9.3 (1.9) 2.2 (0.6)°
FAC, % 34 (4) 37 (6) -3 (2)
TASV, cm/s 10.6 (1.3) 11.1 (1.5) -0.1(0.4)
TAPSE, mm 19.6 (3.2) 21.0 (3.2) -1.3(1.2)
RV-ESPAR, mm Hg/cm? 2.2 (0.5)» 2.8 (0.8) -0.9 (0.2)°

Data are presented as mean (SD). EDA = end-diastolic area; ESA = end-systolic area; FAC = fractional area change; LV = left ventricular;
PAMP = pulmonary artery mean pressure; PVR = pulmonary vascular resistance; RV = right ventricular; RV-ESPAR = right ventricular end-systolic
pressure to area ratio; RV/RA = right ventricular to right atrial; TAPSE = tricuspid annular plane systolic excursion; TASV = tricuspid annular systolic

velocity. See Table 1 for expansion of other abbreviations.
Difference adjusted for participant’s age and CMS status.

°P<.001.
cP value between .001 and .01.
dP value between .01 and .05.
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Figure 1 - Exercise-induced changes in high-altitude dwellers with (n = 18) and without (n = 39) a PFO. A, RV/RA. B, PVR. C, SaO2. D, FAC. The
boxplots represent median with interquartile range; the whiskers symbolize the maximal and minimal values. FAC = fractional area change of the
right ventricle; PFO = patent foramen ovale; PVR = pulmonary vascular resistance; RV/RA = right-ventricular-to-right-atrial pressure gradient;

Sa02 = arterial oxygen saturation.

exercise in participants with a PFO (Table 3). This was
because of a greater increase in PVR in individuals with
a PFO (Fig 1B). CO (PFO vs no PFO, 9.0 £2.2 L/min
vs 9.1 £ 2.8 L/min; P = .85) and the estimated LV filling
pressure (ratio of mitral E to DTT E) (PFO vs no PFO,
6.8 = 1.4vs7.6 £ 1.7; P=.31) were similar in the

two groups. Of note, none of the patients had signifi-
cant mitral regurgitation. During mild exercise, arterial
oxygen saturation was significantly lower in participants
with a PFO compared with participants without a PFO
(85.1 3.2 vs 87.1 =2.9, P=.03), because the exercise-
induced decrease of arterial oxygen saturation was sig-
nificantly greater in HA dwellers with a PFO than in
those without a PFO (Fig 1C).

PFO size and arterial oxygen desaturation during exercise
appeared to play a role in these responses during
mild exercise. The drop of arterial oxygen saturation
during exercise was related to PFO size (p=0.36, P=.001),
exercise-induced increase in the RV/RA gradient
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(p=0.40, P=.003), and PVR (p = 0.30, P =.03). Simi-
larly, the exercise-induced increases in the RV/RA gra-
dient (p =0.52, P<<.001) and PVR (p =0.33, P=.02)
were also directly related to PFO size.

During mild exercise, the RV systolic and diastolic areas
remained significantly greater in participants with a
PFO compared with participants without a PFO (Table 3).
Moreover, RV function increased significantly less
during exercise (FAC, 3% [—1%, 5%] vs 7% [3%, 12%];
P =.008 [Fig 1D]; tricuspid annular systolic velocity,

2.0 cm/s [0.3, 2.8 cm/s] vs 3.0 cm/s [2.0, 4.8cm/s], P=.007)
and was significantly lower in HA dwellers with a PFO
compared with participants without a PFO. Accordingly,
RV dysfunction (FAC = 35%) during mild exercise was
significantly more frequent in HA dwellers with a PFO
compared with those without a PFO (five of 17 [27%]

vs one of 36 [3%], P=.048). Similar to the pulmonary
hemodynamic variables, the exercise-induced increase
in RV function was related to PFO size (FAC, p = —0.43,
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TABLE 3 | Pulmonary and RV Hemodynamic Variables Assessed at 50-W Exercise in High-Altitude Dwellers

With/Without a PFO

Variable PFO (n=18) No PFO (n=39) Adjusted Difference? (SE)
RV/RA gradient, mm Hg 49.7 (9.6)° 40.3 (9.1) 8.4 (2.6)°
PAMP, mm Hg 36.6 (5.8)° 30.8 (5.6) 5.1 (1.6)°
PVR, Wood units 3.1 (0.9)¢ 2.5 (1.0) 0.6 (0.3)c
RV EDA, cm? 18.2 (1.8)r 15.2 (2.9) 3.0 (0.9)°
RV ESA, cm? 11.4 (1.2)b 8.1 (2.0) 3.4 (0.6)¢
FAC, % 37 (4)¢ 47 (7) —-10 (2)¢
TASV, cm/s 12.3 (2.2)¢ 13.8 (1.7) ~1.5 (0.6)c
TAPSE, mm 23.4 (3.2)p 27.7 (4.6) —4.4 (1.6)c
RV-ESPAR, mm Hg/cm? 4.5 (0.9)¢ 5.2 (1.1) —0.6 (0.4)

Data are presented as mean (SD). See Tables 1 and 2 for expansion of abbreviations.

sDifference adjusted for participant’s age and CMS status.

bP value between .001 and .01.

cP value between .01 and .05.

4p<.001.

P =.003; tricuspid annular systolic velocity, p= —0.39, Discussion

P =.008; and tricuspid annular plane systolic excursion,
p = —0.36, P=.04). After adjustment for age and CMS
status, the differences between the RV dimension,

RV function, and pulmonary hemodynamic responses
in participants with and without a PFO did not change
significantly (Table 3).

Maximal achieved heart rate during exercise (103 +

11 beats/min vs 99 * 11 beats/min, P =.23), heart

rate reserve (33 = 11 beats/min vs 32 = 9 beats/min,

P =.73), and percentage of maximal predicted heart
rate (60% % 7% vs 57% * 6%, P = .1) were not dif-
ferent between subjects with and without a PFO. More-
over, systolic BP (152 + 24 mm Hg vs 147 = 22 mm Hg,
P=43) and LV ejection fraction (67% * 4% vs 69% * 4%,
P=.16) during exercise were also comparable between
the two groups.

Pulmonary Hemodynamic and RV Variables at
Rest and During Exercise in Participants With
and Without CMS

Table 4 shows that, as expected,®?? in patients with CMS,
pulmonary artery pressure was slightly increased at rest,
and that the exercise-induced increase was exaggerated
compared with participants without CMS. Most impor-
tantly, in patients with CMS, a PFO was associated with
more marked pulmonary hypertension and RV dysfunc-
tion during exercise than in patients with CMS without
a PFO. Finally, a PFO in healthy HA dwellers appeared
to have similar effects on pulmonary hemodynamics
and RV function as CMS alone.
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In disease states associated with hypoxemia at low alti-
tude, a PFO is associated with increased pulmonary
artery pressure.5” Surprisingly, in HA dwellers there is
no information on the prevalence of PFO and its poten-
tial consequences on pulmonary artery pressure and
RV function. Here, we believe for the first time, we show
that although the prevalence of PFO in HA dwellers
(32%) was similar to the one reported in low-altitude
populations, its presence was associated with impor-
tant alterations in pulmonary artery pressure, RV mor-
phology and function, and arterial oxygenation.
Compared with subjects without a PFO, mild exercise
resulted in an exaggerated increase in pulmonary artery
pressure and PVR in HA dwellers with a PFO that was
associated with impaired RV function, RV enlargement,
and exaggerated arterial oxygen desaturation. These
findings suggest that at HA, a PFO appears to facilitate
RV and pulmonary hemodynamic changes during
mild physical activity frequently performed in everyday
life. These pulmonary hemodynamic alterations during
physical activity may also have contributed to the

RV enlargement at rest observed in HA dwellers with

a PFO.

The current estimations of pulmonary artery pressure
responses to mild exercise in HA dwellers are compa-
rable to those reported in earlier reports®?? and confirm
the relatively large interindividual variability in these
responses. The current findings suggest that in both
patients with CMS and healthy HA dwellers, the presence
and size of a PFO explains part of this interindividual
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TABLE 4 | Pulmonary and RV Hemodynamic Variables in High-Altitude Dwellers With/Without CMS and
Subgroup Analysis of Patients With CMS and Healthy High-Altitude Dwellers According to the

Presence of a PFO

Healthy
CMS With CMS Without Healthy With Without PFO
Variable CMS (n=35) No CMS (n=22) PFO (n=10) PFO (n=25) PFO (n=28) (n=14)
Values assessed at rest
RV/RA gradient, mm Hg | 25.6 (3.9)= 23.3 (4.3) 27.0 (5.0) 25.0 (3.2) 22.3 (3.0) 24.0 (4.4)
PVR, Wood units 2.4 (0.7) 2.5 (0.9) 2.5 (0.5) 2.3 (0.8) 2.6 (1.1) 2.5 (0.9)
RV basal diameter, mm 31.3 (3.7)® 28.8 (4.0) 33.0 (4.0)° 29.7 (3.6) 32.3 (3.1) 26.9 (3.1)
FAC, % 36 (6)° 41 (7) 33 (5)= 38 (6) 39 (8) 38 (7)
Values assessed at
50-W exercise
RV/RA gradient, mm Hg | 46.0 (10.9)= 39.4 (7.8) 52.2 (10.8)2 43.1 (9.8) 46.3 (6.7)° 36.1 (6.1)
PVR, Wood units 3.0 (1.1) 2.5(0.9) 3.2 (0.8) 2.7 (1.2) 3.0 (1.2) 2.2 (0.6)
FAC, % 38 (7)r 45 (8) 33 (4)r 41 (7) 39 (3)r 48 (7)

Data are presented as mean (SD). See Tables 1 and 2 for expansion of abbreviations.
aComparison with respective value of the group without the condition: P value between .01 and .05.
bComparison with respective value of the group without the condition: P value between .001 and .01.

variability. Consistent with previously reported findings
in HAPE-susceptible mountaineers that showed that the
size of the PFO, rather than its mere presence, is a deter-
minant of the pulmonary artery pressure response
during acute HA exposure,’ significant correlations were
observed between the PFO size and the exercise-induced
increase in pulmonary artery pressure, PVR, and exercise-
induced arterial oxygen desaturation in HA dwellers.
Thus, the current findings lend support to the hypothesis
that in HA dwellers with a PFO, the exercise-induced
pulmonary vasoconstriction initiates a vicious cycle by
shunting deoxygenated blood from the right to the left
atrium, which, in turn, aggravates hypoxemia, resulting
in reduced mixed venous oxygen tension, greater alve-
olar hypoxia, and greater pulmonary hypertension.

There is evidence that, at low altitude, in patients with
sleep-disordered breathing, a PFO is associated with
more severe nocturnal oxygen desaturation? and
pulmonary hypertension.?” It is possible that in

HA dwellers with a PFO who suffer from sleep disor-
dered breathing, this may represent an additional mech-
anism contributing to pulmonary and RV remodeling.
The current observation of load-independent RV dys-
function at rest (as evidenced by lower RV-ESPAR) in
HA dwellers with a PFO could be consistent with this
speculation. Moreover, subgroup analysis of our find-
ings suggests that in HA dwellers with pulmonary vas-
cular dysfunction, as may be the case for CMS,?2262 a
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PFO predisposes to more marked pulmonary hyperten-
sion and RV dysfunction than in healthy HA dwellers
and may therefore represent a risk factor for right-sided
heart failure in this subpopulation. Regarding this, some
findings suggest that fetal programming of pulmonary
vascular dysfunction in the offspring of mothers with
preeclampsia and children generated by assisted repro-
ductive technology predisposes to exaggerated hypoxic
pulmonary hypertension at HA 33! Further study is
needed to assess the effects of a PFO on pulmonary
hemodynamics and RV function in these populations.
Finally, for ethical reasons we did not perform invasive
assessments of RV and pulmonary vascular function.
However, there is good agreement between invasive and
echocardiographic assessments of resting pulmonary
artery pressure at HA' and pulmonary artery pressure
responses to exercise at low altitude.??

Conclusions

In conclusion, we show, for the first time to our knowl-
edge, that in HA dwellers, the presence and the size of
a PFO appear to have important hemodynamic conse-
quences. At rest it’s presence was associated with

RV enlargement and, even more importantly, during
mild exercise expected to be frequently associated with
daily activity, a PFO in HA dwellers was related to exag-
gerated pulmonary hypertension and pulmonary vaso-
constriction that was associated with RV enlargement
and dysfunction.

[ 147#4 CHEST APRIL 2015 |



Acknowledgments

Author contributions: R. B. had full access
to all the data in the study and takes respon-

sibility for the integrity of the data and the

accuracy of the data analysis. S. E. R, E. R,

Y. A., and U. S. contributed to the study

concept and design; R. B, L. P, S. E R, E. R,

and Y. A. contributed to the acquisition of
the data; R. B.,, L. P, S. E R, and U. S. con-

tributed to the analysis and interpretation of
data; R. B. and U. S. contributed to the drafting
of the manuscript; L. P, S. ER,, C. X. M. ],,
R.S,E.R,C.S.S,M.V,C.R,C.S,, Y. A,
and U. S. contributed to the critical revision
of the manuscript for important intellectual
content; R. B. and L. P. contributed to the
statistical analysis; C. X. M. ], C.S. S, M. V,,
C.S., Y. A, and U. S. contributed to the
obtaining of funding; C. X. M. J,, C. S. S,
M.V, C.S, Y. A, and U. S. contributed to the
administrative, technical, or material support;
and C.X.M.J,C.S.S, M. V,,C. S, and

U. S. contributed to the study supervision.

Financial/nonfinancial disclosures: The
authors have reported to CHEST that no
potential conflicts of interest exist with any
companies/organizations whose products or
services may be discussed in this article.

References

1.

Penaloza D, Sime F, Banchero N,
Gamboa R, Cruz J, Marticorena, E.
Pulmonary hypertension in healthy
men born and living at high altitudes.
Am ] Cardiol. 1963;11(2):150-157.

. Stuber T, Scherrer U. Circulatory

adaptation to long-term high altitude
exposure in Aymaras and Caucasians.
Prog Cardiovasc Dis. 2010;52(6):
534-539.

. Schwab M, Jayet PY, Stuber T, et al.

Pulmonary-artery pressure and exhaled
nitric oxide in Bolivian and Caucasian
high altitude dwellers. High Alt Med Biol.
2008;9(4):295-299.

. Scherrer U, Vollenweider L, Delabays A,

et al. Inhaled nitric oxide for high-altitude
pulmonary edema. N Engl ] Med. 1996;
334(10):624-629.

. Allemann Y, Hutter D, Lipp E, et al.

Patent foramen ovale and high-altitude
pulmonary edema. JAMA. 2006;296(24):
2954-2958.

. Shanoudy H, Soliman A, Raggi P, Liu JW,

Russell DC, Jarmukli NE Prevalence of
patent foramen ovale and its contribution
to hypoxemia in patients with obstructive
sleep apnea. Chest. 1998;113(1):91-96.

. Soliman A, Shanoudy H, Liu J, Russell DC,

Jarmukli NF. Increased prevalence of
patent foramen ovale in patients with
severe chronic obstructive pulmonary
disease. ] Am Soc Echocardiogr. 1999;
12(2):99-105.

. Stuber T, Sartori C, Schwab M, et al.

Exaggerated pulmonary hypertension
during mild exercise in chronic mountain
sickness. Chest. 2010;137(2):388-392.

journal.publications.chestnet.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Ledn-Velarde F, Maggiorini M, Reeves JT,

et al. Consensus statement on chronic
and subacute high altitude diseases. High
Alt Med Biol. 2005;6(2):147-157.

Kerut EK, Norfleet WT, Plotnick GD,
Giles TD. Patent foramen ovale: a review
of associated conditions and the impact
of physiological size. ] Am Coll Cardiol.
2001;38(3):613-623.

Seiler C. How should we assess patent
foramen ovale? Heart. 2004;90(11):
1245-1247.

Torti SR, Billinger M, Schwerzmann M,
et al. Risk of decompression illness
among 230 divers in relation to the pres-
ence and size of patent foramen ovale.
Eur Heart J. 2004;25(12):1014-1020.

Wilmshurst PT, Nightingale S, Walsh KP,
Morrison WL. Effect on migraine of clo-
sure of cardiac right-to-left shunts to pre-
vent recurrence of decompression illness
or stroke or for haemodynamic reasons.
Lancet. 2000;356(9242):1648-1651.

Kasner M, Westermann D, Steendijk P,
et al. Utility of Doppler echocardiog-
raphy and tissue Doppler imaging in the
estimation of diastolic function in heart
failure with normal ejection fraction:

a comparative Doppler-conductance
catheterization study. Circulation.
2007;116(6):637-647.

Allemann Y, Sartori C, Lepori M, et al.
Echocardiographic and invasive mea-
surements of pulmonary artery pres-
sure correlate closely at high altitude.
Am ] Physiol Heart Circ Physiol. 2000;
279(4):H2013-H2016.

Lindqvist P, Soderberg S, Gonzalez MC,
Tossavainen E, Henein MY. Echocar-
diography based estimation of pulmo-
nary vascular resistance in patients with
pulmonary hypertension: a simultaneous
Doppler echocardiography and cardiac
catheterization study. Eur J Echocardiogr.
2011;12(12):961-966.

Quinones MA, Otto CM, Stoddard M,
Waggoner A, Zoghbi WA; Doppler
Quantification Task Force of the Nomen-
clature and Standards Committee of the
American Society of Echocardiography.
Recommendations for quantification of
Doppler echocardiography: a report from
the Doppler Quantification Task Force
of the Nomenclature and Standards
Committee of the American Society of
Echocardiography. ] Am Soc Echocardiogr.
2002;15(2):167-184.

Rudski LG, Lai WW, Afilalo J, et al.
Guidelines for the echocardiographic
assessment of the right heart in adults: a
report from the American Society of
Echocardiography endorsed by the
European Association of Echocardiography,
a registered branch of the European
Society of Cardiology, and the Canadian
Society of Echocardiography. ] Am Soc
Echocardiogr. 2010; 23(7):685-713.
Kucher N, Boekstegers P, Miiller O],

et al. Randomized, controlled trial of
ultrasound-assisted catheter-directed
thrombolysis for acute intermediate-

Downloaded From: http://journal.publications.chestnet.or g/ on 09/09/2016

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

risk pulmonary embolism. Circulation.
2014;129(4):479-486.

Grosu A, Bombardini T, Senni M,
Duino V, Gori M, Picano E. End-systolic
pressure/volume relationship during
dobutamine stress echo: a prognosti-
cally useful non-invasive index of left
ventricular contractility. Eur Heart J.
2005;26(22):2404-2412.

La Gerche A, Burns AT, D’Hooge J, et al.
Exercise strain rate imaging demonstrates
normal right ventricular contractile
reserve and clarifies ambiguous resting
measures in endurance athletes. ] Am Soc
Echocardiogr. 2012;25(3):253-262.

Pratali L, Allemann Y, Rimoldi SF, et al.
RV contractility and exercise-induced
pulmonary hypertension in chronic
mountain sickness: a stress echocardio-
graphic and tissue Doppler imaging
study. JACC Cardiovasc Imaging. 2013;
6(12):1287-1297.

Pratali L, Rimoldi SF, Rexhaj E, et al.
Exercise induces rapid interstitial lung
water accumulation in patients with
chronic mountain sickness. Chest.
2012;141(4):953-958.

Hagen PT, Scholz DG, Edwards WD.
Incidence and size of patent foramen
ovale during the first 10 decades of life:
an autopsy study of 965 normal hearts.
Mayo Clin Proc. 1984;59(1):17-20.

Scherrer U, Allemann Y, Rexhaj E,
Rimoldi SF, Sartori C. Mechanisms and
drug therapy of pulmonary hyperten-
sion at high altitude. High Alt Med Biol.
2013;14(2):126-133.

Shaikh ZF, Jaye ], Ward N, et al. Patent
foramen ovale in severe obstructive sleep
apnea: clinical features and effects of
closure. Chest. 2013;143(1):56-63.

Rigatelli G, Sharma S. Patent foramen

ovale-obstructive sleep apnea relation-
ships: pro and cons. Cardiovasc Revasc
Med. 2012;13(5):286-288.

Rimoldi SF, Rexhaj E, Pratali L, et al.
Systemic vascular dysfunction in patients
with chronic mountain sickness. Chest.
2012;141(1):139-146.

Bailey DM, Rimoldi SF, Rexhaj E, et al.
Oxidative-nitrosative stress and systemic
vascular function in highlanders with and
without exaggerated hypoxemia. Chest.
2013;143(2):444-451.

Jayet PY, Rimoldi SF, Stuber T, et al.
Pulmonary and systemic vascular dysfunc-
tion in young offspring of mothers

with preeclampsia. Circulation. 2010;
122(5):488-494.

Scherrer U, Rimoldi SF, Rexhaj E, et al.
Systemic and pulmonary vascular
dysfunction in children conceived by
assisted reproductive technologies.
Circulation. 2012;125(15):1890-1896.

Griinig E, Janssen B, Mereles D, et al.
Abnormal pulmonary artery pressure
response in asymptomatic carriers

of primary pulmonary hypertension
gene. Circulation. 2000;102(10):
1145-1150.

1079


http://journal.publications.chestnet.org

