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Acute Pulmonary Edema in Healthy Subjects

Claudio Marabotti; Danilo Cialoni; Alessandro Pingitore

Healthy individuals may present with acute pulmonary edema when exposed to extreme environments (high-altitude
or deep diving) or while performing strenuous exercises. Recent data support the hypothesis that these forms of acute
pulmonary edema might be due to a limited number of stimuli, often overlapping each other, inducing pulmonary

Pathophysiology of nontoxic pulmonary edema occurring in healthy people is still incompletely understood, but
recent data suggest a role of three factors (hypoxia, increase in ambient pressure, and physical exercise) that, alone or
in combination, may increase pulmonary capillary pressure up to a level overcoming the mechanical resistance of
the blood-gas barrier. Evidence has been recently provided to support the existence of a genetic pattern predisposing
healthy subjects to pulmonary edema. This paper reviews the evidence supporting a common background for
pulmonary edema triggered by extreme environments or heavy effort; a preventive and therapeutic strategy will also
be proposed. From these data, hypotheses on the pathophysiology of other forms of noncardiac related pulmonary
edema, as those associated with obstructive sleep-apnea syndrome or during post-surgery intensive care, will be
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cute pulmonary edema may be due to an increase of

transcapillary hydrostatic pressure, exceeding plasma

oncotic pressure (cardiogenic edema), or to an
increased permeability of the alveolar-capillary membrane,
mostly due to toxic agents (noncardiogenic edema). Occasion-
ally, healthy individuals may present with acute pulmonary
edema when exposed to high altitudes (high-altitude pulmo-
nary edema; HAPE), while diving or swimming (swimming-
induced pulmonary edema; SIPE) or during intense physical
effort (exercise-associated pulmonary edema). The conse-
quences of this unexpected syndrome may sometimes be dra-
matic; in 2013 a top-level diver died surfacing from a 72-m
breath-hold dive after experiencing intense dyspnea; autopsy
revealed massive alveolar hemorrhagic edema to be the cause of
death.! Beyond the risk of a severe acute illness, the study of this
syndrome is also relevant from a pathophysiological point of
view, since it allows us to explore the exhaustion of adaptation
mechanisms to extreme stimuli in healthy (or even in “super-
healthy”) subjects.

Recent observations suggest that the various forms of pul-
monary edema arising in healthy subjects (PEHS) may share
some important clinical features (i.e., genetic predisposition
and presence of an alveolar fluid rich in high-molecular-weight

proteins).>! On these bases, recent papers hypothesized that
PEHS may be a syndrome triggered by a limited number of fac-
tors, increasing blood pressure in pulmonary circulation up to
the level of capillary stress failure.”"** This paper will discuss
the evidences supporting a fundamental model in which the
interplay of only three elements (hypoxia, increased ambient
pressure by body immersion, and increased cardiac output
induced by physical exercise), acting in genetically predisposed
individuals, may be at the basis of all the forms of PEHS.

EPIDEMIOLOGY

Incidence of PEHS is low in the general population, but may be
higher in particular subgroups, such as top-level endurance
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athletes, divers, and high-altitude climbers. In these categories,
subclinical signs of interstitial pulmonary edema have been
frequently reported by different diagnostic techniques. Approx-
imately 50% of well-trained endurance athletes have effort-
induced hypoxemia;** a diffusion impairment due to interstitial
pulmonary edema has been considered one of the potential
causes of this phenomenon.'**® Ultrasound signs of increased
lung extravascular water content have been reported in 74% of
athletes at the end of an ultra-triathlon race,* in the vast major-
ity of climbers at altitude higher than 3000 m,** and in 45%
of breath-hold divers at the end of a day of intense diving
training.19

Overt pulmonary edema has far lower incidence; it has been
reported occasionally in long distance runners at sea level, but
its incidence increases in aquatic sports, rising to 1.4% in swim-
ming triathletes, and even to 25% in combat troops during a
long-distance heavy swimming test (where heavy prerace over-
hydration may have contributed to the particularly high inci-
dence of this series).’® Using an anamnestic questionnaire,
high-level breath-hold divers reported a 25% incidence of pre-
vious episodes of immersion-related pulmonary edema.’
Finally, high-altitude pulmonary edema has been reported in
0.5-7% of healthy lowlanders climbing to altitudes higher than
4000 m (according to ascent speed).>*

PATHOPHYSIOLOGY

A limited number of factors (namely hypoxia, body immersion
and physical exercise) may prime PEHS by increasing pulmo-
nary blood pressure and/or blood volume in the capillary
network and inducing capillary stress failure. Preliminary evi-
dences of genetic predisposition to PEHS have recently been
reported.

Hypoxia

During high-altitude climbing, oxygen partial pressure
decreases, according to Dalton’s law, in parallel to environmen-
tal pressure; the resulting reduction of alveolar Po, is a power-
ful stimulus to pulmonary arteriolar constriction®* whose
cellular mechanisms have been recently extensively reviewed.'®
HAPE-prone subjects have been reported to have an excessive
pulmonary vascular reactivity to hypoxia,*’ leading to an exag-
gerated rise in pulmonary arterial pressure that may lead to
pulmonary capillary stress failure and pulmonary edema, par-
ticularly when associated with an increased cardiac output
due to physical effort.”” Several mechanisms may explain why
an exacerbated hypoxic arteriolar contraction could lead to
an increased pressure in downstream capillaries and induce
interstitial and alveolar edema. On one hand, pulmonary arte-
rial blood pressure rise may be so marked that fluid leakage
may also occur at precapillary level.°© Moreover, an uneven
hypoxic pulmonary vasoconstriction, described in HAPE-
prone humans,'? could make some areas of pulmonary capil-
lary bed unprotected toward hypoxia-induced pulmonary
arterial hypertension. Remarkably, HAPE susceptibility has
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been recently reported to be associated to a more uniform dis-
tribution of regional ventilation, supporting a vascular, rather
than ventilatory, basis for uneven pulmonary vasoconstric-
tion.”” Finally, a concomitant hypoxia-induced venoconstric-
tion could increase pulmonary capillary pressure.”* Further
nonhemodynamic factors, namely the production of a nonin-
flammatory protein-rich exudate,* reducing the oncotic pres-
sure gradient across the capillary wall, may contribute to
capillary fluid leakage. An increased capillary permeability,
mediated by the effects of hypoxia-induced oxidative stress*
and by the activation of specific stretching receptors situated in
the blood-gas barrier (transient receptor potential vanilloid 4;
TRPV4),>"%! may facilitate protein spill from capillary blood to
the interstitium.

In addition to high-altitude hypobaria, hypoxia may also be
induced by long lasting apnea. During breath-hold dive at
depth, the absolute value of alveolar Po, remains high, in spite
of metabolic consumption, in parallel to the high environmen-
tal pressure. In the last part of the dive, when environmental
pressure is rapidly decreasing during ascent, severe hypoxia
may develop. A study on maximal voluntary breath-holding in
three top-level divers showed a huge decline in alveolar Po,
(from 140 to 31 mmHg) associated with an impressive reduc-
tion of O, saturation (in one case decreasing to 38%).!” Alveolar
hypoxia obtained with prolonged apnea can therefore trigger
hypoxic pulmonary vasoconstriction and hypertension.

Isolated myocardial fibers exposed to hypoxia showed a
depression of both contractility and relaxation indices,” but
the negative effects of hypoxia on systolic and diastolic func-
tion may be compensated, in whole organisms, by both
reflex-induced enhancement of sympathetic activity®>>* and
activation of the Frank-Starling mechanism.*? Therefore,
while hypoxia-mediated myocardial dysfunction may con-
tribute to pulmonary edema in subjects with reduced left
ventricular functional reserve due to subclinical cardiac dis-
ease, its role in pathophysiology of pulmonary edema in
healthy subjects appears unlikely.

Finally, the above-mentioned increase in capillary permea-
bility induced by the oxidative stress brought on by the repeated
hypoxia-reoxygenation cycles typical of breath-hold diving*
may promote the interstitial and alveolar leakage of high molec-
ular weight proteins.

Increased Environmental Pressure (Body Immersion)

Exposure to a markedly elevated ambient pressure is rarely
achievable in nature, except during immersion and diving. The
hydrostatic pressure exerted by water during a simple head-out
surface immersion is able to induce a blood shift from the
peripheral to intrathoracic venous and capillary bed estimated
in around 700 ml.°> The increase in central blood volume is
due to several mechanisms. On one hand, the increased hydro-
static pressure induces an increase in plasma volume (due to a
shift of interstitial fluid through the capillary wall)** and coun-
terbalances the effects of gravity on blood distribution.>® More-
over, cold-related constriction of peripheral veins reduces
venous capacitance volume.'' Finally, an increase in the
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transdiaphragmatic pressure gradient, due to the higher com-
pressibility of the abdomen compared to the chest, and to the
reduction of pulmonary gas volume, increases the driving force
favoring central venous return.”” The resulting blood shift
toward pulmonary circulation may congest the capillary bed
and predispose to pulmonary capillary stress failure.”” Besides
the strictly mechanical effect, stretching of pulmonary capil-
laries may activate endothelial TRPV4, increasing capillary
permeability to proteins and fostering interstitial edema.’!
Comparison of the effects of immersion on pulmonary circu-
lation with findings observed in subjects exposed to micro-
gravity may offer interesting food for thought. Data obtained
during the Space Shuttle program showed that microgravity
induced a remarkable cephalic relocation of blood from the
lower body to chest and head (estimated in 1-21)* with no
evidence of increased extravascular lung water in spite of a
relevant increase of blood settled in the pulmonary capillary
bed (+28%).%® These data suggest that the simple increase of
intrathoracic blood content is not sufficient to induce pulmo-
nary edema and that the increase of environmental pressure
during immersion and diving is also needed.

Actually, a diver descending to depth must cope with huge
changes in environmental pressure, linearly increasing at a rate
of 1 Atmospheres Absolutes (ATA) every 10 m of depth. As a
matter of example, during his “no limits” breath-hold dive at
253 m depth, the pressure on the body of the Austrian freediver
Herbert Nitsch rose from 1 ATA to more than 26 ATA and
decreased back to 1 ATA in a few minutes. During such rapid
depth changes (both descent and ascent), air filled cavities
should equalize their pressure with the environment. If equal-
ization fails, an imbalance with ambient pressure may generate
in some incompressible region of the respiratory system.
During descent, pressure in the airways may become lower
than the environmental one, thus inducing mucosal hyperemia,
edema and even bleeding (the so called “descent barotrauma”).
Several reports describe descent barotrauma involving middle
ear, larynx and paranasal sinuses® but, in the case of thick
inflammatory exudates occluding bronchioles, the same mech-
anisms could also act more peripherally, provoking hyperemia
and edema in lower airways too. Moreover, in the case of deep
breath-hold diving, environmental pressure can compress the
chest to the residual volume of the lungs; a further increase in
depth (i.e., in ambient pressure) could not be equalized by a
further reduction in alveolar air volume and could induce a
capillary-alveolar pressure gradient able to provoke edema
(lung barotrauma of descent or lung-squeeze).”® Even if inci-
dence of SIPE is higher in divers reaching higher depths, this
mechanism seems inadequate to explain the well-documented
episodes of acute pulmonary edema reported after repeated
breath-hold dives at relatively shallow depths,” suggesting the
existence of other immersion-related mechanisms and/or the
concurrence of multiple stressors.

Recent studies using a submersible echocardiograph® sug-
gested that chest compression exerted by environmental pres-
sure increase might affect heart function and contribute to
explaining breath-hold diving related pulmonary edema.

Divers studied during a 10-m breath-hold dive showed Doppler-
echocardiographic signs of impaired diastolic left ventricular
filling, mimicking the hemodynamic pattern observed in con-
strictive/restrictive heart diseases (i.e., a peaking of early dia-
stolic filling flow, with an increase in its velocity and a reduction
of its duration).?"*> The combined effect of chest volume reduc-
tion and intrathoracic blood volume displacement induced by
immersion at depth could actually exert a restriction to left ven-
tricular diastolic filling®"*% the dependence of this restrictive
pattern on chest compression is confirmed by its disappearance
with chest re-expansion during diving.* Left ventricular filling
impairment could increase left atrial pressure (LAP) and pul-
monary arterial wedge pressure and contribute to pulmonary
capillary stress failure.

The depths being equal, scuba and breath-hold divers are
exposed to the same pressures, but the reported rates of SIPE
are largely different (sporadic cases in scuba vs. a prevalence of
25% in high-level and trained breath-hold divers).” The higher
incidence of SIPE in breath-hold divers may be due to a combi-
nation of hypoxia and left ventricular diastolic impairment
resulting from the compression of alveolar spaces by the ele-
vated ambient pressure (that in scuba diving is compensated by
compressed-air breathing).

Physical Exercise

High intensity physical exercise may induce a four- to fivefold
increase in cardiac output. In spite of pulmonary vascular resis-
tances reduction, due to both arteriolar vasodilation and
recruitment of underperfused vessels,”” such a huge increase in
cardiac output entails an increase in mean pulmonary arterial
pressure and LAP and, hence, in capillary blood pressure that
may overcome the mechanical resistance limits of the blood-
gas barrier. West™ estimated that, during high-intensity exer-
cise, pulmonary capillary blood pressure in humans may rise
to 40 mmHg. This value, in animal models, was associated
with structural damage of the endothelial or epithelial layer
of the blood-gas barrier.”

Running thoroughbred horses represents the paradigmatic
example of exercise-induced pulmonary edema.”® After a race,
they often have bloody foam at the nostrils, while broncho-
scopic evaluation shows a high prevalence of blood in their air-
ways; the remarkable pulmonary capillary blood pressure
value of 100 mmHg has been reported in thoroughbred horses
galloping on a treadmill.'®

The phenomenon of ventricular interdependence may con-
tribute to left atrial pressure increase during strenuous effort
and, hence, to pulmonary capillary stress failure. The prolonged
and huge increase in cardiac output during long-distance run-
ning induces an acute right ventricular dilation, hampering
interventricular septal motion and left ventricular systolic
function.”” Moreover, endurance training has been reported to
have long lasting depressive effects on septal systolic function,
due to right ventricular volume overload, as evaluated by analy-
sis of circumferential strain.®

Considerable debate still exists about the possible induction
of acute pulmonary edema in exercising humans at sea level.
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Actually, only anecdotal cases have been reported in top-level
athletes at the end of ultralong-distance races, while the con-
currence of immersion or moderate altitude seem to be essen-
tial to facilitate the onset of hemoptysis and pulmonary edema
in exercising humans.*

Genetic Predisposition

Some evidence supports the existence of a genetic predisposi-
tion to HAPE. The influence of genetic makeup on susceptibil-
ity to HAPE has been initially speculated on the basis of
epidemiological observations on different populations of high-
landers. The surprisingly normal pulmonary arterial pressure
in Tibetan natives, the population with the oldest high-altitude
ancestry in the world, may reveal the effects of evolutionary
pressure, slowly selecting favorable genotypes to cope with
chronic hypoxia.*! Several studies extensively investigated the
mechanisms at the basis of predisposition to HAPE. Pulmonary
arteriolar hyperreactivity to hypoxia, considered an essential
intermediate step to capillary hypertension and stress failure,
has been ascribed to a reduced chemoreceptor sensitivity, lead-
ing to a lower ventilatory response, a lower alveolar Po, and, in
turn, a higher pulmonary vasoconstrictive stimulus.”* More-
over, a genetic-based imbalance between endothelial vasoactive
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mediators has been reported in patients with previous HAPE
episodes. Specifically, HAPE-prone subjects have an overrepre-
sentation of genotypes associated to a reduced NO-mediated
pulmonary vasodilation, either directly due to a reduced activ-
ity of endothelial NO-synthase, or to a reduced production of
apelin, a powerful activator of NO-synthase regulated by
Hypoxia Inducible Factor.>**’ An additional contributor to
HAPE predisposition may originate from a reduced alveolar
fluid clearance capability, hypothesized in studies reporting a
reduced Na reabsorption in nasal epithelial cells of HAPE-sus-
ceptible subjects.*” In this context, it may be worth noting that
NO has a stimulating effect on alveolar Na reabsorption® and
that, therefore, a deficit in NO production could have a dual
role in HAPE pathogenesis.

A different genetic predisposing pathway has been recently
hypothesized in studies comparing HAPE-prone and HAPE-
resistant Han Chinese subjects, showing significant differences
in genotypic distributions of human glucocorticoid receptor
(NR3C1).! Receptor isoforms leading to impaired response to
glucocorticoid hormones may induce a higher pulmonary cap-
illary permeability, fostering interstitial edema.

Conlflicting data exist on a possible common genetic back-
ground predisposing to both SIPE and HAPE. As a matter of

GENETIC PREDISPOSITION i POSSIBLE GENETIC PREDISPOSITION E
HYPOXIA HIGH AMBIENT PRESSURE
= (Breath-Hold or High Altitude) EXERCISE (Immersion/Diving)
Chest squeeze Increased venous
(Breath-hold diving) return (blood-shift)
Increased CO l
Exaggerated/Uneven HPV
(in predisposed subjects) Left ventricular filling N
impairment .
Pulmonary capillary
congestion
4 v
) Increase in
H-:h P.:P :rznsmn::e: to pulmonary wedge
unprotected capillaries W oressure
Increase in PAP ;
|

Capillary stress failure

1

Oxidative stress
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4
Increase in capillary Blood-gas barrier
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Fig. 1. Schematic representation of factors leading to PEHS. CO = cardiac output; HPV = hypoxic pulmonary vasoconstriction; LV = left ventricle; PAP = pulmonary

arterial pressure; PEHS = pulmonary edema of healthy subjects.
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fact, a recent study showed that SIPE-prone subjects have a
high prevalence of the same genotypes, associated to a reduced
activity of endothelial NO-synthase, predisposing to HAPE."
On the other hand, subjects with previous episodes of SIPE
did not show an abnormal pulmonary arterial reactivity to
hypoxia.*

Other intriguing results seem to envisage a common back-
ground, based on pulmonary arterial hyperreactivity, in sub-
jects prone to PEHS. Grunig et al.** showed, in subjects with
previous episodes of HAPE, an abnormal pulmonary vascular
reactivity to supine bycicle exercise under normoxic conditions.
Moreover, a recent study reported a significantly higher pulmo-
nary pressure increase during submerged exercise in SIPE-
prone divers; a NO-mediated mechanism of pulmonary arterial
hyperreactivity to exercise is suggested by the observation that
premedication with sildenafil blunted pulmonary blood pres-

sure rise.’

OVERVIEW AND CLINICAL PERSPECTIVE

Fig. 1 schematically represents the pathways connecting three
basic stimuli (hypoxia, body immersion, and physical effort) to
the onset of acute pulmonary edema in healthy subjects. Each
of these stimuli, if appropriate in intensity, may be sufficient to
trigger the acute episode, but in most cases the concurrence of
several submaximal stimuli is observed. Breath-hold diving
deserves a particular mention, since breath-hold divers swim-
ming at depth are exposed to the maximal convergence of trig-
gering stimuli: hypoxia, chest compression, immersion, and
physical exercise (Fig. 2). Moreover, deep breath-hold diving
may also induce lung squeeze, a case of pulmonary edema due
to a purely physical mechanism. Taken together, these data may
explain the high prevalence of PEHS in breath-hold diving
athletes.

The pathophysiological model of PEHS may contribute to
understand the pathophysiology of some uncommon forms
of acute pulmonary edema arising in subjects without car-
diac diseases, such those associated to obstructive sleep
apnea syndrome (OSAS)®!® or in postsurgery care.’**® In
the first, the combination of hypoxia and elevated transpul-
monary pressure, due to respiratory obstruction, may coop-
erate in precipitating pulmonary edema. In postoperative
care, negative inspiratory pressure and hypoxia due to a sub-
optimal airway management may add up to fluid overload
and, in mechanically ventilated patients, to alveolar overdis-
tension secondary to elevated ventilation pressures, activat-
ing stretching receptors of the blood-gas barrier and, hence,
increasing capillary permeability.>!

The hypothesis of a common pathophysiology of appar-
ently far different syndromes as pulmonary edema triggered
by high altitude, exercise, immersion (or even OSAS and post-
operative cares), may help in developing and implementing a
common preventive and therapeutic strategy. Firstly, an accu-
rate avoidance of simultaneous exposure to triggering stimuli
should be recommended. Moreover, a preliminary assessment

RESTING BREATH-HOLD DIVING

IMMERSION

EXERCISE WHILE
] BREATH-HOLD
DIVING

SWIMMING OR
SCUBA DIVING

EXERCISE AT ALTITUDE

EFFORT-INDUCED PE

Fig. 2. Schematic representation of the interplay between triggering factors
for PEHS. HAPE = high-altitude pulmonary edema; PEHS = pulmonary edema
of healthy subjects; SIPE = swimming induced pulmonary edema.

of pulmonary vascular reactivity by measuring systolic pul-
monary arterial pressure and/or NO expiratory excretion during
hypoxic’ or exercise stress test* could identify individuals at
risk for pulmonary edema. Finally, pharmacological preven-
tion or treatment, based upon drugs increasing NO availabil-
ity> or inhibiting TRPV4 receptors,” could be hypothesized.

ACKNOWLEDGMENTS

Financial Disclosure Statement: This paper was prepared without any financial
or technical support. The authors declare no conflicts of interests.

Authors and affiliations: Claudio Marabotti, M.D., Dept. Cardiology and Coro-
nary Care Unit, Ospedale della Bassa val di Cecina - Az USL Toscana Nord-
Ovest, Pisa, Italy; Danilo Cialoni, D.D.S. (Hons), M.S., Environmental
Physiology and Medicine Laboratory, Department of Biomedical Sciences,
University of Padua, and DAN Research Europe Division, Roseto degli Abruzzi,
and Apnea Academy Research, Padua, Italy; Alessandro Pingitore, M.D., Ph.D.,
Institute of Clinical Physiology, CNR, Pisa, Italy.

REFERENCES

1. AIDA International. Official summary of the autopsy reports following
the death of Nicholas Mevoli. [Accessed 3 Jan. 2020.] Available from:
http://aidafrance.fr/wp-content/uploads/2016/01/Conclusions-of-
Death-of-Nicholas-Mevoli.pdf.

2. Ahsan A, Mohd G, Norboo T, Baig MA, Pasha MA. Heterozygotes of
NoS3 polymorphisms contribute to reduced nitrogen oxides in high-
altitude pulmonary edema. Chest. 2006; 130(5):1511-1519.

3. Ali Z, Mishra A, Kumar R, Alam P, Pandey P, et al. Interactions among
vascular-tone modulators contribute to high-altitude pulmonary
edema and augmented vasoreactivity in highlanders. PLoS One. 2012;
7(9):e44049.

4. Allison RC, Kyle J, Adkins WK, Prasad VR, McCord JM, Taylor AE.
Effect of ischemia reperfusion or hypoxia reoxygenation on lung vascular
permeability and resistance. ] Appl Physiol. 1990; 69(2):597-603.

5. Arborelius M, Jr, Ballidin UI, Lilja B, Lundgren CE. Hemodynamic
changes in man during immersion with the head above water. Aerosp
Med. 1972; 43:592-598.

666 AEROSPACE MEDICINE AND HUMAN PERFORMANCE = Vol. 91,No.8  August 2020

SS900E 93l} BIA €1-G0-GZ0g 1e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq


http://aidafrance.fr/wp-content/uploads/2016/01/Conclusions-of-Death-of-Nicholas-Mevoli.pdf
http://aidafrance.fr/wp-content/uploads/2016/01/Conclusions-of-Death-of-Nicholas-Mevoli.pdf

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

. Baggish AL, Yared K, Wang F, Weiner RB, Hutter AM, Jr., et al. The impact

of endurance exercise training on left ventricular systolic mechanics. Am
J Physiol. 2008; 295(3):H1109-H1116.

. Busch T, Bértsch P, Pappert D, Griinig E, Hildebrandt W, et al. Hypoxia

decreases exhaled nitric oxide in mountaineers susceptible to high-
altitude pulmonary edema. Am J Respir Crit Care Med. 2001; 163(2):368-
373.

. Chaudhary BA, Nadimi M, Chaudhary TK, Speir WA. Pulmonary edema

due to obstructive sleep apnea. South Med J. 1984; 77(4):499-501.

. Cialoni D, Sponsiello N, Marabotti C, Marroni A, Pieri M, et al. Prevalence

of acute respiratory symptoms in breath-hold divers. Undersea Hyperb
Med. 2012; 39:837-844.

Cialoni D, Marabotti C, Sponsiello N, Pieri M, Balestra C, et al. Genetic
predisposition to breath-hold diving-induced hemoptysis: Preliminary
study. Undersea Hyperb Med. 2015; 42:75-83.

Coulange M, Rossi P, Gargne O, Gole Y, Bessereau J, et al. Pulmonary
oedema in healthy SCUBA divers: new physiopathological pathways.
Clin Physiol Funct Imaging. 2010; 30(3):181-186.

Dehnert C, Risse E Ley S, Kuder TA, Buhmann R, et al. Magnetic
resonance imaging of uneven pulmonary perfusion in hypoxia in
humans. Am J Respir Crit Care Med. 2006; 174(10):1132-1138.
Dempsey JA, Wagner PD. Exercise-induced arterial hypoxemia. ] Appl
Physiol. 1999; 87(6):1997-2006.

Du H, Zhao J, Su Z, Liu Y, Yang Y. Sequencing the exons of human
glucocorticoid receptor (NR3C1) gene in Han Chinese with high-altitude
pulmonary edema. ] Physiol Anthropol. 2018; 37(1):7.

Dunham-Snary KJ, Wu D, Sykes EA, Thakrar A, Parlow LRG, et al.
Hypoxic Pulmonary Vasoconstriction: From Molecular Mechanisms to
Medicine. Chest. 2017; 151(1):181-192.

Erickson BK, Erickson HH, Coffman JR. Pulmonary artery, aortic
and oesophageal pressure changes during high intensity treadmill
exercise in the horse: a possible relation to exercise-induced pulmonary
haemorrhage. Equine Vet J Suppl. 1990 Jun; (9):47-52.

Ferretti G, Costa M, Ferrigno M, Grassi B, Marconi C, et al. Alveolar
gas composition and exchange during deep breath-hold diving and dry
breath holds in elite divers. ] Appl Physiol. 1991; 70(2):794-802.

Fletcher EC, Proctor M, Yu ], Zhang J, Guardiola J], et al. Pulmonary
edema develops after recurrent obstructive apneas. Am J Respir Crit
Care Med. 1999; 160(5, Pt 1):1688-1696.

Frassi E Pingitore A, Cialoni D, Picano E. Chest sonography detects
lung water accumulation in healthy elite apnea divers. ] Am Soc
Echocardiogr. 2008; 21(10):1150-1155.

Kawashima A, Kubo K, Kobayashi T, Sekiguchi M. Hemodynamic
responses to acute hypoxia, hypobaria, and exercise in subjects susceptible
to high-altitude pulmonary edema. ] Appl Physiol. 1989; 67(5):1982-1989.
Kuebler MW. Of deep waters and thin air. Pulmonary edema in swimmers
versus mountaneers. Circulation. 2016; 133(10):951-953.

Gao Y, Usha Raj J. Role of veins in regulation of pulmonary circulation.
Am ] Physiol. 2005; 288:L213-1226.

Greenleaf JE, Shevartz E, Keil LC. Hemodilution, vasopressin suppression,
and diuresis during water immersion in man. Aviat Space Environ Med.
1981; 52:329-336.

Griinig E, Mereles D, Hildebrandt W, Swenson ER, Kiibler W et al. Stress
Doppler echocardiography for identification of susceptibility to high
altitude pulmonary edema. ] Am Coll Cardiol. 2000; 35(4):980-987.
Hamilton DR, Platts SH. Cardiovascular issues. In: Risin D, Stepaniak
PC, editors. Biomedical Results of the Space Shuttle Program. NASA/
SP-2013-607. Washington (DC): U.S. Government Printing Office; 2013:
77-110.

Lathan SR, Silverman ME, Thomas BL, Waters WC 4th. Postoperative
pulmonary edema. South Med J. 1999; 92(3):313-315.

Lewis GD, Bossone E, Naeije R, Griinig E, Saggar R, et al. Pulmonary
vascular hemodynamic response to exercise in cardiopulmonary diseases.
Circulation. 2013; 128(13):1470-1479.

Lindholm P, Ekborn A, Oberg D, Gennser M. Pulmonary edema and
hemoptysis after breathhold diving at residual volume. J Appl Physiol.
2008; 104(4):912-917.

29.

30.

31.

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

PULMONARY EDEMA—Marabotti et al.

Lord R, George K, Somauroo J, Stembridge M, Jain N, et al. Alterations
in cardiac mechanics following ultra-endurance exercise: insights from
left and right ventricular area-deformation loops. ] Am Soc Echocardiogr.
2016; 29(9):879-887.el.

Ludwig BB, Mahon RT, Schwartzman EL. Cardiopulmonary function
after recovery from swimming-induced pulmonary edema. Clin J Sport
Med. 2006; 16(4):348-351.

Marabotti C, Belardinelli A, CAbbate A, Scalzini A, Chiesa F, et al. Cardiac
function during breath-hold diving in humans: an echocardiographic
study. Undersea Hyperb Med. 2008; 35:83-90.

Marabotti C, Scalzini A, Cialoni D, Passera M, LAbbate A, et al. Cardiac
changes induced by immersion and breath-hold diving in humans. ] Appl
Physiol. 2009; 106(1):293-297.

. Marabotti C, Scalzini A, Cialoni D, Passera M, Ripoli A, et al. Effects of

depth and chest volume on cardiac function during breath-hold diving.
Eur J Appl Physiol. 2009; 106(5):683-689.

Marabotti C, Cialoni D, Pingitore A. Environment-induced pulmonary
oedema in healthy individuals. Lancet Respir Med. 2017; 5(5):
374-376.

Martina SD, Freiberger JJ, Peacher DE Natoli MJ, Schinazi EA, et al.
Sildenafil: Possible Prophylaxis Against Swimming-Induced Pulmonary
Edema (SIPE). Med Sci Sports Exerc. 2017; 49(9):1755-1757.

McKenzie DC, O’Hare TJ, Mayo J. The effect of sustained heavy exercise
on the development of pulmonary edema in trained male cyclists. Respir
Physiol Neurobiol. 2005; 145(2-3):209-218.

Mishra A, Kohli S, Dua T, Thinlas T, Mohammad G, Qadar Pasha MA.
Genetic differences and aberrant methylation in the apelin system predict
the risk of high-altitude pulmonary edema. Proc Natl Acad Sci USA.
2015; 112(19):6134-6139.

Moon RE, Martina SD, Peacher DEF, Potter JE, Wester TE, et al. Swimming-
induced pulmonary edema: pathophysiology and risk reduction with
Sildenafil. Circulation. 2016; 133(10):988-996.

Mundy AL, Dorrington KL. Inhibition of nitric oxide synthesis augments
pulmonary oedema in isolated perfused rabbit lung. Br ] Anaesth. 2000;
85(4):570-576.

Patz MD, Sa RC, Darquenne C, Elliott AR, Asadi AK, et al. Susceptibility
to high-altitude pulmonary edema is associated with a more uniform
distribution of regional specific ventilation. J Appl Physiol. 2017;
122(4):844-852.

Penaloza D, Arias-Stella J. The heart and pulmonary circulation at high
altitudes: healthy highlanders and chronic mountain sickness. Circulation.
2007; 115(9):1132-1146.

Pingitore A, Gemignani A, Menicucci D, Di Bella G, De Marchi D,
etal. Cardiovascular response to acute hypoxemia induced by prolonged
breath holding in air. Am J Physiol. 2008; 294(1):H449-H455.
Pingitore A, Garbella E, Piaggi P, Menicucci D, Frassi E et al. Early
subclinical increase in pulmonary water content in athletes performing
sustained heavy exercise at sea level: ultrasound lung comet-tail evidence.
Am J Physiol. 2011; 301(5):H2161-H2167.

Powers SK, Dodd S, Lawler J, Landry G, Kirtley M, et al. Incidence of
exercise induced hypoxemia in elite endurance athletes at sea level. Eur J
Appl Physiol Occup Physiol. 1988; 58(3):298-302.

Pratali L, Cavana M, Sicari R, Picano E. Frequent subclinical high-
altitude pulmonary edema detected by chest sonography as ultrasound
lung comets in recreational climbers. Crit Care Med. 2010; 38(9):1818-
1823.

Prisk GK, Fischer CL, Duncan JM. Pulmonary Function. In: Risin D,
Stepaniak PC, editors. Biomedical Results of the Space Shuttle Program.
NASA/SP-2013-607. Washington (DC): US. Government Printing
Oftice; 2013:111-129.

Reid MB, Loring SH, Banzett RB, Mead ]. Passive mechanics of upright
human chest wall during immersion from hips to neck. ] Appl Physiol.
1986; 60(5):1561-1570.

Rivolta I, Beretta E, Panariti A, Miserocchi G. Cardiopulmonary
consequences of post thoracic surgery. pulmonary hypertension: cause
or consequence of lung edema? J Clinic Experiment Cardiol 2011; S4:
003.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE = Vol. 91,No.8  August 2020 667

SS900E 93l} BIA €1-G0-GZ0g 1e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



PULMONARY EDEMA—Marabotti et al.

49.

50.

51

52.

53.

54.

668

Sartori C, Duplain H, Lepori M, Egli M, Maggiorini M, et al. High altitude
impairs nasal transepithelial sodium transport in HAPE-prone subjects.
Eur Respir J. 2004; 23(6):916-920.

Silverman HS, Wei S, Haigney MC, Ocampo CJ, Stern MD. Myocyte
adaptation to chronic hypoxia and development of tolerance to
subsequent acute severe hypoxia. Circ Res. 1997; 80(5):699-707.
Simonsen U, Wandall-Frostholm C, Olivan-Viguera A, Koéhler R.
Emerging roles of calcium-activated K channels and TRPV4 channels
in lung oedema and pulmonary circulatory collapse. Acta Physiol (Oxf).
2017; 219(1):176-187.

Stembridge M, Ainslie PN, Hughes MG, Stohr EJ, Cotter JD, et al.
Impaired myocardial function does not explain reduced left ventricular
filling and stroke volume at rest or during exercise at high altitude. ] Appl
Physiol. 2015; 119(10):1219-1227.

Suarez ], Alexander JK, Houston CS. Enhanced left ventricular systolic
performance at high altitude during Operation Everest II. Am J Cardiol.
1987; 60(1):137-142.

Swenson ER, Bartsch P. High-altitude pulmonary edema. Compr Physiol.
2012; 2:2753-2773.

55.

56.

57.

58.

59.

60.

61.

Watenpaugh DE. Analogs of microgravity: head-down tilt and water
immersion. ] Appl Physiol. 2016; 120(8):904-914.

Weiler-Ravell D, Shupak A, Goldenberg I, Halpern P, Shoshani O, et al.
Pulmonary oedema and haemoptysis induced by strenuous swimming.
BMYJ. 1995; 311(7001):361-362.

West JB, Mathieu - Costello O. Stress failure of pulmonary capillaries: role
in lung and heart disease. Lancet. 1992; 340(8822):762-767 .

West JB, Mathieu-Costello O, Jones JH, Birks EK, Logemann RB,
et al. Stress failure of pulmonary capillaries in racehorses with exercise-
induced pulmonary hemorrhage. ] Appl Physiol. 1993; 75(3):1097-
1109.

West JB. Vulnerability of pulmonary capillaries during exercise. Exerc
Sport Sci Rev. 2004; 32(1):24-30.

Whayne TE Jr., Severinghaus JW. Experimental hypoxic pulmonary
edema in the rat. ] Appl Physiol. 1968; 25(6):729-732.

Yin J, Hoffmann J, Kaestle SM, Neye N, Wang L, et al. Negative-
feedback loop attenuates hydrostatic lung edema via a cGMP-
dependent regulation of transient receptor potential vanilloid 4. Circ
Res. 2008; 102(8):966-974.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE = Vol. 91,No.8  August 2020

SS900E 93l} BIA €1-G0-GZ0g 1e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



