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Acute pulmonary edema is a serious condition that may occur as a result of
increased hydrostatic forces within the lung microvasculature or increased
microvascular permeability. Heart failure or other cardiac or renal disease are
common causes of cardiogenic pulmonary edema. However, pulmonary
edema may even occur in young and healthy individuals when exposed to
extreme environments, such as immersion in water or at high altitude.
Immersion pulmonary edema (IPE) and high-altitude pulmonary edema
(HAPE) share some morphological and clinical characteristics; however, their
underlying mechanisms may be different. An emerging understanding of IPE
indicates that an increase in pulmonary artery and capillary pressures caused by
substantial redistribution of venous blood from the extremities to the chest, in
combination with stimuli aggravating the effects of water immersion, such as
exercise and cold temperature, play an important role, distinct from hypoxia-
induced vasoconstriction in high altitude pulmonary edema. This review aims at
a current perspective on both IPE and HAPE, providing a comparative view of
clinical presentation and pathophysiology. A particular emphasis will be on
recent advances in understanding of the pathophysiology and occurrence of
IPE with a future perspective on remaining research needs.
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Introduction

Acute pulmonary edema is a potentially life-threatening condition that is caused by
accumulation of extravascular fluid in the lungs. Traditionally, two fundamentally different
types of pulmonary edema have been described in humans: cardiogenic pulmonary edema
(also referred to as hydrostatic pulmonary edema), caused by an increase in pulmonary
capillary hydrostatic pressure secondary to left heart failure, and non-cardiogenic pulmonary
edema which develops following injury to the alveolo-capillary barrier (also referred to as
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FIGURE 1

Chest x-ray (left) and computed tomography (right) of a 72-year-old previously healthy and physically fit female after swimming in a cold lake
(Courtesy of Karin Hasmiller, MD, Berufsgenossenschaftliche Unfallklinik, Murnau, Germany).

permeability pulmonary edema), often being associated with acute
respiratory distress syndrome (Ware and Matthay, 2005).

However, pulmonary edema may even occur in young and
healthy individuals when exposed to extreme environments, such as
immersion in water, or at high altitude. Immersion pulmonary
edema (IPE) was first described in self-contained underwater
breathing apparatus (scuba) divers who suffered from dyspnea
attributable to pulmonary edema after open sea dives in cold
water (Wilmshurst et al, 1989). Initially reported as diving-
induced pulmonary edema, subsequent reports highlighted the
occurrence of IPE in military trainees (Weiler-Ravell et al., 1995),
triathletes (Carter and Koehle, 2011), swimmers (Pons et al., 1995),
breath-hold divers (Boussuges et al., 1999), or even aqua-joggers
(Wenger and Russi, 2007). An emerging understanding of IPE
indicates that an increase in pulmonary artery and capillary
pressures caused by a substantial redistribution of venous blood
from the extremities to the chest, in combination with stimuli
amplifying the effects of water immersion such as exercise,
ambient cold, constrictive wetsuits, and negative pressure breathing.

While there are commonalities in clinical presentation
between IPE and HAPE, the latter is thought to be caused by
leakage of the alveolar-capillary barrier secondary to uneven
hypoxic pulmonary vasoconstriction (Bértsch and Swenson,
2013). This review aims at a current perspective on both IPE
and HAPE, providing a comparative view of clinical presentation
and pathophysiology, and highlighting recent advances in
understanding of the pathophysiology.

Clinical presentation of IPE

of IPE is
characterized by an acute onset of nonspecific symptoms of

Clinical presentation swimming-induced
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breathlessness and cough in 70-80% of cases, hemoptysis
(68%) with chest tightness or pain reported less frequently
(Griinig et al., 2017). Slade et al. (2001) reported a series of
eight cases of IPE while scuba-diving. Dyspnea and hemoptysis
were prevailing symptoms in these subjects, followed by cough
and fatigue, with an onset of symptoms during the dive or when
surfacing.

Radiographs and computerized tomography scans of the
lungs may demonstrate infiltrates and patchy acinar and
lobular ground-glass and consolidative opacities (Figure 1).
However, presentation of IPE may be unilateral (Hardstedt
et al, 2020), and has been reported in military trainees
the
radiographic findings in the dependent submersed lung
(Mahon et al., 2002).

While there is some variability in reported incidence of IPE

swimming in a lateral decubitus position with

that may be explained by different settings of IPE, nature of data
collection, and a high rate of spontaneously resolving cases, it is
obvious from recent large and prospective cohort data that IPE
occurs more frequently than previously thought, especially in
elderly subjects (Hardstedt et al., 2022). Highest incidences of 5%
or more are reported in military trainees during strenuous swims
(Weiler-Ravell et al., 1995; Volk et al., 2021).

Clinical presentation of HAPE

HAPE is a non-cardiogenic pulmonary edema that may
occur in healthy and often young individuals exposed to high
altitude. Early symptoms are inappropriately greater dyspnea
with exercise, dry cough and loss of performance. More advanced
cases present with dyspnea at rest, cyanosis, rales and pink, frothy
sputum (Bartsch and Swenson, 2013). In severe cases arterial PO,
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FIGURE 2
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Figure 1 (A) radiograph of a 37-years-old male mountaineer with high-altitude pulmonary edema (HAPE) that shows a patchy to confluent
distribution of edema, predominantly on the right side. (B) computerized tomography scan of 27-year-old mountaineer with recurrent HAPE
showing patchy distribution of edema. Taken from Bartsch, P, Mairbaurl, H., Maggiorini, M., Swenson, E. 2005. Physiological aspects of high-altitude

pulmonary edema. J Appl Physiol, 98, 1101-1110.

may be as low as 19 mmHg and arterial oxygen saturation below
40% at altitudes of 4,500-5,000 m (Birtsch et al., 1987). These
observations can explain the estimated mortality of about 50% in
HAPE without appropriate treatment, while symptoms - except
for reduced exercise tolerance - disappear within hours after
rapid descent to low altitude. Radiographs and computerized
tomography scans of the lungs demonstrate patchy distribution
of the edema (Figure 2), which resolve completely within
3-5 days (Vock et al., 1991).

HAPE usually develops over 1-2days at altitudes above
3,000 m. The risk increases with altitude and fast ascent. The
prevalence in trekkers ascending within 6 days to 5,400 m is
about 1-2% (Hackett et al., 1976). When ascending to 4,559 m
within 24 h, the prevalence increases in mountaineers without a
history of HAPE to 6% and in those with a history of HAPE to
62% (Biartsch et al.,, 2002). The latter data show that there are
individuals, who are particularly susceptible to HAPE.

Pathophysiology of IPE

Recent advances in understanding the pathophysiology
and occurrence of IPE indicate that IPE is the result of the
interplay  between  individual  predisposition  and
environmental circumstances, including equipment used in
the case of scuba divers. The central contributing factor, by
definition, is water immersion to any depth, leading to raised
central blood volume and hence cardiac filling pressures.
Both, physical exercise and ambient cold will augment the
cardiovascular effects of immersion, however, other factors
may contribute to fluid extravasation into the lung, such as
compression of the thorax by wetsuit, negative pressure

breathing etc.
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Passive and active redistribution of venous blood from the
extremities and viscera to the heart and pulmonary vessels will
increase pulmonary artery pressure. Cold-induced sympathetic
nervous activation causes constriction of capacitance veins,
which account for 50-60% of total blood volume. Exercise
will further increase thoracic blood volume and left atrial,
Cold-water
mean

pulmonary artery, and capillary pressures.

both
pulmonary arterial, and pulmonary artery wedge pressures

immersion and exercise increase arterial,
during prone immersion having additive effects (Wester et al.,
2009). “Head only” thermal protection to eliminate cold-induced
reflexes from scalp and facial sensory nerves did not attenuate the
rise in pulmonary artery pressure. Peacher et al. (2010)
investigated cardiopulmonary dynamics in 10 subjects at rest
and during 16 min of exercise submersed at 1atm absolute
breathing air and at 4.7 ATA in normoxia and hyperoxia.
Mean pulmonary artery pressure varied widely between
individuals (up to a 2-3-fold difference among subjects),
indicating the possibility of differential susceptibility to IPE
among individuals, as has been shown more definitively for
HAPE and pulmonary vascular pressures. There were
measurements of mean pulmonary artery pressure during
submaximal exercise that rose above the threshold for
pathological values which was in apparent contrast to dry
exercise, in which such high values are only observed during
maximal exercise (Kovacs et al., 2009). Breathing a hyperoxic gas
mixture during exercise in cold water did not protect against
pulmonary hypertension consistent with enhanced peripheral
vasoconstriction and its effects on cardiac afterload and preload
(Fraser et al., 2011).

These observations support elevated pulmonary vascular
pressures as the cause of IPE, however, do not prove that
individuals rise in

susceptible may have an excessive
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TABLE 1 Risk factors for IPE (S,0, = oxygen saturation, PFT = pulmonary function test, FVC = forced vital capacity, FEV; = forced expiratory volume

inls).

Study Design Cohort

Wilmshurst et al.
(1989)

Controlled prospective
cohort

11 divers with history of IPE

Weiler-Ravell
et al. (1995)

Prospective cohort 30 military trainees

Shupak et al.
(2000)

Miller et al. (2010)

Prospective cohort 35 military trainees

31/1,400 responders among US
triathletes

Online survey and
case-control study

Observational cohort
and literature review

Peacher et al.
(2015)

36 subjects (10 inpatients) and
292 reviewed cases

Moon etal. (2016)  Controlled clinical trial 10 subjects (divers and triathletes)

with a history of IPE and 20 controls

Observational cohort 106 French Navy divers performing

263 dives

Boussuges et al.
(2017)

Hérdstedt et al.
(2022)

45913 recreational/competitive
swimmers over four consecutive
years

Prospective cohort

Beck et al. (2022)  Case series Four subjects with history of IPE

pulmonary artery pressure caused by exaggerated peripheral

venoconstriction or nonhomogeneous pulmonary
vasoconstriction, as has been suggested for HAPE. Moon et al.
(2016) investigated pulmonary and systemic hemodynamics,
expired gas, and blood gases in 10 subjects at supine dry rest
(baseline), after submersion in cold water, and during moderate
cycle ergometer exercise while submersed. These subjects had a
history of at least one previous episode of IPE and underwent
cardiovascular screening to exclude cardiovascular disease.
During submersed exercise mean pulmonary artery and
pulmonary artery wedge pressures increased despite lower
cardiac output in comparison with a historical control group
of non-susceptible healthy subjects. The phosphodiesterase-5
antagonist sildenafil reduced pulmonary vascular pressures
and pulmonary vascular resistance but had no effect on other
hemodynamic variables (Moon et al., 2016). PDE-5 inhibitors are
known to dilate venous capacitance vessels and by this action will
reduce the redistribution of blood to the thorax (Ng and Pang,
1998; Inoue et al, 2001). These data strongly suggest a
pulmonary  vasoconstrictive component and peripheral
venoconstriction that is alleviated by sildenafil in line by its
well-characterized vascular smooth muscle relaxation effects in
all circulatory beds.

Some of those individuals who showed an immediate
increase in PAP when submersed, however, developed mitral
regurgitation that was not clinically apparent under dry
conditions (Beck et al., 2022). Thus, subclinical cardiac disease
that manifests during immersion only may account for IPE in
This would be consistent with the

certain individuals.
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Investigations

Forearm blood flow and blood
pressure during exercise and cold

Risk factor

Abnormal vascular resistance during cold
exposure

exposure

S.0,, history of drinking several

Severe exertion. overhydration

liters before swim

S,0,, symptoms, auscultation, PFT
Patient reported symptoms,
multivariate analysis

Symptoms, medical history

Cycle ergometer exercise while
submersed in 20°C water

Extravascular lung water

Significantly lower pre-swim FVC and FEV, in
eight subjects with severe IPE

History of hypertension; fish oil consumption;
female gender; course distance

Cardiopulmonary disease and other
comorbidities in 75 and 25.9% of reviewed cases

Significantly greater mean PAP and wedge
pressure in IPE subjects, no difference after
sildenafil intake

Exercise intensity (Borg-scale)

determined by ultrasound

IPE diagnosis based on lung
ultrasound, clinical findings

Echocardiography during head-out

Age (odds 12.74 in >61 years compared to
18-30 years); Female gender (age-adj. odds
8.59 compared to men)

Subclinical mitral valve regurgitation

immersion

04

70 -
60

50 - Il HAPE (n=7)

. B Non-HAPE (n=7)

30 4

PAP (mmHg)

20 4

490 m day1 day 2 day 3

FIGURE 3

Systolic pulmonary artery pressure at 490 m and 4,559 m in
seven subjects developing HAPE (red bars) and seven control
subjects (blue bars). The numbers in the red bars indicate the
subjects with HAPE at a particular examination. Data taken

from Bartsch P. et al., 1991. Prevention of high-altitude pulmonary
edema by nifedipine. N Engl J Med 325: 1284-1289.

observation that increased age significantly increases the odds
of suffering from IPE during strenuous swimming (Hardstedt
et al.,, 2022) (Table 1).

Pathophysiology of HAPE
Hypoxia at high altitude causes hypoxemia, which increases

with altitude. At 4,559 m arterial PO, is around 40 mmHg and
S.0, around 70% leading to a systolic PAP around 34 mmHg
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MEAN PAP

capillary pressure wedge pressure

W controls (n=14) [0 HAPE-S without HAPE (n=7) M HAPE-S with HAPE (n=9)

FIGURE 4

Mean arterial, capillary and Wedge pressures of the

pulmonary circulation on the second day at 4,559 m in 14 control
subjects (red bars), seven HAPE susceptible individuals with no
HAPE during a 3 days exposure (white bars) and nine HAPE
susceptible subjects with HAPE during a 3 days exposure at
4,559 m. Data taken from Maggiorini et al., 2001. High-altitude
pulmonary edema is initially caused by an increase in capillary
pressure. Circulation 103: 2078-2803.

with a normal HPV in non-acclimatized healthy mountaineers
(Bartsch et al., 1991). Susceptibility to HAPE is associated with an
excessive increase of systolic pulmonary artery pressure (PAP)
during 2-4 h of normobaric hypoxia (F;0, of 0.12) at low altitude
(Griinig et al, 2000) and during hypobaric hypoxia at high
altitude (Oelz et al., 1989; Birtsch et al,, 1991). It is important
to note that the abnormal rise of PAP precedes the onset of HAPE
by at least 12-24h at 4,559 m (Figure 3). Right heart
catheterization at 4,559 m showed increased mean PAP and as
assessed by the single occlusion technique, increased capillary
pressure in HAPE susceptible individuals (HAPE-S), while
wedge pressures were normal. Interestingly, HAPE-S subjects,
who developed pulmonary edema during the exposure, had the
highest PAP values and each had a capillary pressure above the
edema threshold (>20 mmHg) for lungs unaccustomed to such
elevations (Figure 4). Lower nitric oxide (NO) production, a
lower hypoxic ventilatory response resulting in greater alveolar
hypoxia and less hypocapnia, higher sympathetic tone and
slightly lower lung volumes might all contribute to the greater
hypoxic pulmonary vasoconstriction (HPV) in HAPE-S as
discussed elsewhere (Birtsch et al, 2005; Swenson and
Birtsch, 2012; Luks et al., 2017).

There are several hypotheses explaining how abnormally
increased PAP leads to pulmonary edema. The most prevalent
is inhomogeneity of regional HPV, for which there is some
experimental evidence (Hopkins et al, 2005; Dehnert et al,
2006). Inhomogeneity of HPV would lead to areas of lower
and higher perfusion resulting in alveolar edema with the higher
capillary pressures in the high flow and less vasoconstricted areas
(Hultgren, 1978). Other hypotheses include leakage across
weaker arterioles branching off at right angles from larger
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pulmonary arteries (Goetz et al, 1996) and/or hypoxic
venoconstriction.

Since there are individuals that do not develop HAPE despite
strong HPV and abnormally increased PAP at high altitude
(Dehnert et al, 2015), additional pathophysiologic factors
must contribute to HAPE. Hypoxia induced inflammation and
impaired alveolar fluid clearance have been considered and
evaluated as possible contributors, but the few studies
published have yielded inconclusive results regarding fluid
clearance and evidence for inflammation.

Broncho-alveolar lavage (BAL) in early HAPE at 4,559 m
showed mild alveolar hemorrhage and increased albumin but no
increase of neutrophils and pro-inflammatory cytokines
2002). Red cell
concentration in the BAL fluid correlated with the magnitude

(Swenson et al, count and albumin
of pulmonary hypertension (Figure 5). Thus, early HAPE is a
hydrostatic, non-cardiogenic edema and noninflammatory
pulmonary edema. However, BAL in advanced HAPE of
several days duration showed signs of inflammation in some
but not all cases (Schoene et al., 1986; Kubo et al., 1997)
suggesting that inflammation may occur as a secondary
response to edema from physical disruption of the alveolar-
capillary barrier (stress failure) and subsequent mild
hemorrhage.

There is some indirect evidence that alveolar fluid clearance
might be more impaired in HAPE-S subjects (Mairbaurl et al.,
2003), e.g. reduced active nasal epithelium sodium absorption
(Sartori et al, 2004), but interventions in mountaineers
enhancing transepithelial alveolar fluid reabsorption are not
conclusive because of multiple actions of salmeterol (Sartori
et al., 2002) and dexamethasone (Maggiorini et al., 2006) as
discussed in a review on HAPE in Comprehensive Physiology
(Swenson and Birtsch, 2012).

There are no studies investigating the effect of slow ascent in
HAPE-S subjects. Anecdotal reports suggest, however, that
HAPE in susceptible individuals ascending at an average rate
of 350-400 m per day above 2,500 m remain well without
medication up to at least 6,000 m. If such a slow ascent or a
staged ascent are not possible, 30 mg bid of nifedipine sustained
release or 10 mg bid of tadalafil should be recommended for a
person with a history of HAPE. Lowering pulmonary artery
pressure is the principal goal in treatment. This can be achieved
by supplemental oxygen, portable hyperbaric bags and/or
descent. If this is not possible, nifedipine or tadalafil should
be given at the same dose as for prevention with the goal to use
the clinical improvement to permit a safer descent (Bértsch and

Swenson, 2013).
Comparison between IPE and HAPE

There are many similarities between IPE and HAPE, e.g, the
occurrence in young, healthy, and fit individuals, clinical features
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FIGURE 5

Individual BAL red cell count and albumin concentration plotted against systolic pulmonary artery pressure at 4,559 m. Shaded circles indicate
values of HAPE resistant controls, filled squares indicate HAPE-susceptible subjects without HAPE and filled triangles indicate HAPE-susceptible
subjects with HAPE. Data taken from Swenson, E.R., Maggiorini, M., Mongovin, S., Gibbs, J.S., Greve, |., Mairbaurl, H., Bartsch, P.2002. Pathogenesis of
high-altitude pulmonary edema: inflammation is not an etiologic factor. Jama, 287, 2228-35.

such as hemoptysis, similar radiographic appearance (Lindholm
et al., 2018), involvement of exercise, recurrence in susceptible
individuals, and rapid recovery in a normal environment. There
are, however, also considerable differences regarding the time course
and the cardio-pulmonary mechanisms involved. IPE occurs within
1-2 h after immersion while HAPE develops more slowly over one
to several days at high altitude suggesting that different
hemodynamic responses and underlying mechanisms may lead
to a similar type of a hydrostatic pulmonary edema.

Pulmonary circulation

Right heart catheterization shows the different starting points.
Increased HPV leads to abnormally high PAP that precedes HAPE
over several hours to days while PAWP remains normal at about
10 mmHg. Long intervals of continuous exercise at usually moderate
levels is often undertaken and likely contributes to HAPE. HAPE,
however, can also occur even after passive ascent at rest. It was shown
that HPV is more regionally inhomogeneous in HAPE susceptible
individuals and may lead to low and high flow areas with edema
occurring in the latter (Hopkins et al., 2005; Dehnert et al., 2006).

Immersion in water of 20°C causes an immediate increase of
PAWP of on average 18 mmHg - the critical threshold for edema
formation - in IPE susceptible individuals (Moon et al., 2016), while
non susceptible controls had on average only a rise to 13 mmHg, Low
water temperature, higher sympathetic tone, and exercise may
aggravate the increase in PAWP. Furthermore, the augmented
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preload with immersion may cause a slight increase in wall stiffness
and impairment of diastolic function (Moon et al., 2016), particularly
in older individuals or those with a history of systemic hypertension.

Mean PAP is also more increased in IPE prone individuals than
IPE resistant controls after immersion, but the magnitude of this
increase is considerably less than in patients with HAPE. It is likely
that a greater part of the increase is a consequence of the higher
PAWP (Breitling et al., 2015) since the transpulmonary pressure
gradient (mean PAP - PAWP) exceeds the threshold >12 mmHg
indicating out of proportion pulmonary hypertension only during
exercise by 5 mmHg (Naeije et al., 2013). Alveolar hypoxia can be
excluded as a cause of increased PAP in these studies (Peacher et al.,
2010). HPV might, however, contribute to an increased PAP
secondarily when gas exchange is impaired by edema leading to
areas of low alveolar PO,. Since IPE usually occurs in heavily
exercising individuals, it is likely that a high cardiac output
contributes to pulmonary hypertension and edema since
prolonged intense exercise in well trained runners or cyclists can
lead to mild pulmonary edema even under dry conditions (Hopkins
et al, 1997; Hodges et al, 2006; Zavorsky, 2007). Interestingly,
heterogeneity of regional lung perfusion increases with sustained
strenuous exercise (Burnham et al.,, 2009), which may explain similar
distribution of edema as in HAPE and lowering the transpulmonary
pressure gradient during exercise with sildenafil.

More severe hypoxemia and thus HPV may, however, play a
role in IPE in breath-hold divers. The contribution of pulmonary
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hypertension to developing pulmonary edema in these
conditions may, however, be small considering the short
duration and other more important contributing factors such
as negative intrapulmonary pressures and the cardiac effects of
blood volume shifts on pulmonary capillary pressures.

Lowering pulmonary artery pressure in HAPE-S subjects by
nifedipine (Birtsch et al, 1991) or phosphodiesterase-5 inhibitors
(Maggiorini et al., 2006) prevents HAPE and pulmonary vasodilators
are also effective for treatment (Oelz et al., 1989). There are anecdotal
reports that the posphoesterase-5 inhibitor sildenafil can prevent IPE
in susceptible individuals, and it was shown that sildenafil lowers PAP
but not PAWP significantly in submersed subjects with a history of
SIPE exercising for 6 min (Moon et al., 2016). The effects of sildenafil
on IPE could not be evaluated because of the short duration of such a
demanding invasive study. The fact that sildenafil did not lower
PAWP begs the question of whether the prevention of IPE with this
drug is possible unless more than 6 min are needed for the changes in
systemic venous capacitance to alter PAWP by a vasodilating action in
the systemic circulation. Clearly, these concerns could be resolved by a
placebo controlled real life study in swimmers with a history of IPE.

HAPE susceptible individuals have an abnormal increase of
systolic PAP not only after a 2 h lasting exposure to hypoxia (F;0, =
0.12) to above 40 mmHg but also during submaximal exercise in
normoxia (Griinig et al., 2000). Thus, the question arises, whether
IPE susceptible individuals have a similar reactivity of their
pulmonary circulation to exercise (and possibly also to hypoxia)
that could explain the rise in PAP during exercise while submersed.
While we are not aware of such measurements during exercise in
normoxia, an investigation in hypoxia (F;O, = 0.12) did not find
differences between IPE susceptible and control subjects (Ludwig
etal., 2006), but the data are not conclusive, since the exposure lasted
only 20 min. It would also be interesting to examine whether IPE
susceptible individuals have an exaggerated HPV and could
potentially be susceptible to HAPE, and if so, whether HAPE
susceptible individuals might also be prone to IPE.

Type of alveolar capillary leak

BAL in HAPE shows large proteins like albumin and erythrocytes,
the amount of which increase with higher PAP (Figure 3), and no
markers of inflammation pointing to a pressure induced leak. The
pressure necessary for rupture of the alveolo-capillary barrier were
established in isolated perfused lung models (West et al,, 1991), shown
to occur in vivo in rats exposed to 9,000 m in 30 min (West et al., 1995)
and the leak observed was named alveolar-capillary stress failure.
Whether pressure induced breaks of the alveolo-capillary barrier as
observed in the rats (West et al, 1995) are necessary to explain
extravasation of high molecular weight proteins in HAPE has been
questioned (Swenson et al., 2002; Kuebler, 2016). There is experimental
evidence for a non-inflammatory increase of the permeability of the
alveolo-capillary barrier such as transcellular passage through vesicular
channels that form with high intracapillary pressures (Neal and
Michel, 1996) or by a pressure induced activation of the
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endothelial contractile machinery (Yin et al,, 2008). These changes
occur without evident injury and are rapidly reversible.

While pink frothy sputum occurs predominantly in advanced
stages of HAPE, hemoptysis has been reported frequently in
individuals with IPE when associated with diving (Pons et al,
1995; Boussuges et al, 1999; Slade et al, 2001). It was shown
that hemoptysis after breath-hold dives originates from areas
below the vocal cords, but whether is bronchial bleeding or
alveolar hemorrhage was not ascertained (Lindholm et al., 2008;
Barkovi¢ et al., 2021). Distal parenchymal bleeding could result from
a pressure differential across the alveolar membrane or in
consequence of mechanical shearing forces caused by
compression. In scuba-divers, enhanced work of breathing adds
to immersion and strenuous exercise with capillary damage resulting
from excessive transcapillary pressure. There are preliminary data of
a study reporting red blood cells and high molecular weight protein
but no inflammatory markers in acute IPE (Ludwig et al., 2006)
indicating that BAL fluid of hydrostatic edema with increased

PAWP in IPE is similar to BAL in early HAPE.

Conclusion

HAPE and IPE are non-inflammatory hydrostatic pulmonary
edemas caused by different mechanisms. While exaggerated
inhomogeneous HPV leading to increased capillary pressure due
to overperfusion in the presence of normal wedge pressure is the
major factor accounting for HAPE, increased pulmonary wedge and
arterial pressures due to centralization of blood volume with
immersion is the major cause of IPE. An increase of pulmonary
arterial pressure due to increased cardiac output with exercise and
responsiveness to pulmonary vasodilators may be an additional
pathophysiologic factor leading to IPE, as in HAPE as well.

Author contributions

KT had the idea and contributed to writing and reviewing; ES
and PB contributed to writing and reviewing the manuscript.

Acknowledgments

The authors acknowledge financial support by Open Access
Publishing Fund of University of Tiibingen.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1007316

Tetzlaff et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Barkovi¢, 1., Marici¢, V., Reini¢, B., Marinelli, F., and Wensveen, T. T. (2021).
Haemoptysis in breath-hold divers; where does it come from? Diving Hyperb. Med.
51 (3), 299-302. doi:10.28920/dhm51.3.299-302

Birtsch, P., Mairbdurl, H., Maggiorini, M., and Swenson, E. R. (2005).
Physiological aspects of high-altitude pulmonary edema. J. Appl. Physiol. 98,
1101-1110. doi:10.1152/japplphysiol.01167.2004

Birtsch, P., Maggiorini, M., Mairbaurl, H., Vock, P., and Swenson, E. R. (2002).
Pulmonary extravascular fluid accumulation in climbers. Lancet 360, 571-572.
doi:10.1016/S0140-6736(02)09723-4

Birtsch, P., Maggiorini, M., Ritter, M., Noti, C., Vock, P., and Oelz, O. (1991).
Prevention of high-altitude pulmonary edema by nifedipine. N. Engl. J. Med. 325,
1284-1289. doi:10.1056/NEJM199110313251805

Biirtsch, P., and Swenson, E. R. (2013). Acute high-altitude illnesses. N. Engl.
J. Med. 369, 1666-1667. doi:10.1056/NEJMc1309747

Birtsch, P., Waber, U., Haeberli, A., Maggiorini, M., Kriemler, S., Oelz, O., et al.
(1987). Enhanced fibrin formation in high-altitude pulmonary edema. J. Appl.
Physiol. 63 (2), 752-757. doi:10.1152/jappl.1987.63.2.752

Beck, T. P., Tsipis, N, Kisslo, J. A, Rivera, J. D., Armour, A. C., and Moon, R. E.
(2022). Immersion-induced mitral regurgitation: A novel risk factor for swimming-
induced pulmonary edema. Chest 161 (3), el37-el43. doi:10.1016/j.chest.2021.
10.018

Boussuges, A., Ayme, K., Chaumet, G., Albier, E., Borgnetta, M., and Gavarry, O.
(2017). Observational study of potential risk factors of immersion pulmonary
edema in healthy divers: Exercise intensity is the main contributor. Sports Med.
Open 3 (1), 35. doi:10.1186/s40798-017-0104-1

Boussuges, A., Pinet, C., Thomas, P., Bergmann, E., Sainty, J. M., and Vervloet, D.
(1999). Haemoptysis after breath-hold diving. Eur. Respir. J. 13 (3), 697-699. doi:10.
1183/09031936.99.13369799

Breitling, S., Ravindran, K., Goldenberg, N. M., and Kuebler, W. M. (2015).
The pathophysiology of pulmonary hypertension in left heart disease. Am.
J. Physiol. Lung Cell. Mol. Physiol. 309, 1924-1941. doi:10.1152/ajplung.00146.
2015

Burnham, K. J., Arai, T. J., Dubowitz, D. J., Henderson, A. C., Holverda, S.,
Buxton, R. B, et al. (2009). Pulmonary perfusion heterogeneity is increased by
sustained, heavy exercise in humans. J. Appl. Physiol. 107, 1559-1568. doi:10.1152/
japplphysiol.00491.2009

Carter, E. A, and Koehle, M. S. (2011). Immersion pulmonary edema in female
triathletes. Pulm. Med. 261404. doi:10.1155/2011/261404

Dehnert, C., Mereles, D., Greiner, S., Albers, D., Scheurlen, F., Zugel, S., et al.
(2015). Exaggerated hypoxic pulmonary vasoconstriction without susceptibility to
high altitude pulmonary edema. High. Alt. Med. Biol. 16, 11-17. doi:10.1089/ham.
2014.1117

Dehnert, C., Risse, F., Ley, S., Kuder, T. A., Buhmann, R., Puderbach, M, et al.
(2006). Magnetic resonance imaging of uneven pulmonary perfusion in hypoxia in
humans. Am. J. Respir. Crit. Care Med. 174, 1132-1138. doi:10.1164/rccm.200606-
7800C

Fraser, J. A., Peacher, D. F,, Freiberger, J. J., Natoli, M. J., Schinazi, E. A., Beck, 1.
V., etal. (2011). Risk factors for immersion pulmonary edema: Hyperoxia does not
attenuate pulmonary hypertension associated with cold water-immersed prone
exercise at 4.7 ata. J. Appl. Physiol. 110 (3), 610-618. doi:10.1152/japplphysiol.
01088.2010

Goetz, A. E.,, Kuebler, W. M., and Peter, K. (1996). High-altitude pulmonary
edema. N. Engl. J. Med. 335, 206-207. doi:10.1056/NEJM199607183350313

Griinig, E., Mereles, D., Hildebrandt, W., Swenson, E. R., Kubler, W., Kuecherer,
H., et al. (2000). Stress Doppler echocardiography for identification of susceptibility
to high altitude pulmonary edema. J. Am. Coll. Cardiol. 35, 980-987. doi:10.1016/
$0735-1097(99)00633-6

Griinig, H., Nikolaidis, P. T., Moon, R. E., and Knechtle, B. (2017). Diagnosis of
swimming induced pulmonary edema: A review. Front. Physiol. 31 (8), 652. doi:10.
3389/fphys.2017.00652

Frontiers in Physiology

08

10.3389/fphys.2022.1007316

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Hackett, P. H., Rennie, D., and Levine, H. D. (1976). The incidence, importance,
and prophylaxis of acute mountain sickness. Lancet 2, 1149-1155. doi:10.1016/
$0140-6736(76)91677-9

Hardstedt, M., Kristiansson, L., Seiler, C., Braman Eriksson, A., and Sundh, J.
(2022). Incidence of swimming-induced pulmonary edema: A cohort study based
on 47, 600 open-water swimming distances. Chest 160 (5), 1789-1798. doi:10.1016/
j.chest.2021.06.034

Hardstedt, M., Seiler, C., Kristiansson, I., Lundeqvist, D., Klingberg, C., and
Braman Eriksson, A. (2020). Swimming-induced pulmonary edema: Diagnostic
criteria validated by lung ultrasound. Chest 158 (4), 1586-1595. doi:10.1016/j.chest.
2020.04.028

Hodges, A. N., Mayo, J. R,, and McKenzie, D. C. (2006). Pulmonary oedema
following exercise in humans. Sports Med. 36, 501-512. doi:10.2165/00007256-
200636060-00004

Hopkins, S. R., Garg, J., Bolar, D. S., Balouch, J., and Levin, D. L. (2005).
Pulmonary blood flow heterogeneity during hypoxia and high altitude
pulmonary edema. Am. J. Respir. Crit. Care Med. 171, 83-87. doi:10.1164/rccm.
200406-7070C

Hopkins, S. R, Schoene, R. B., Henderson, W. R,, Spragg, R. G., Martin, T. R, and
West, J. B. (1997). Intense exercise impairs the integrity of the pulmonary blood-gas
barrier in elite athletes. Am. J. Respir. Crit. Care Med. 155 (3), 1090-1094. doi:10.
1164/ajrccm.155.3.9116992

Hultgren, H. N. (1978). “High altitude pulmonary edema,” in Lung water and
solute exchange. Editor N. C. Staub (New York: Marcel Dekker).

Inoue, H., Yano, K., Ikeo, T., Noto, T., and Kikkawa, K. (2001). T-1032, a novel
specific phosphodiesterase type 5 inhibitor, increases venous compliance in
anesthetized rats. Eur. J. Pharmacol. 22 (1-3), 422109-422114. doi:10.1016/
$0014-2999(01)01044-5

Kovacs, G., Berghold, A., Scheidl, S., and Olschewski, H. (2009). Pulmonary
arterial pressure during rest and exercise in healthy subjects: A systematic review.
Eur. Respir. J. 34, 888-894. doi:10.1183/09031936.00145608

Kubo, K., Hanaoka, M., Hayano, T., Miyahara, T., Hachiya, T., Hayasaka, M.,
et al. (1997). Inflammatory cytokines in bal fluid and pulmonary hemodynamics in
high-altitude pulmonary edema. Respir. Physiol. 111, 301-310. doi:10.1016/s0034-
5687(98)00006-1

Kuebler, W. M. (2016). Of deep waters and thin air: Pulmonary edema in
swimmers versus mountaineers. Circulation 133, 951-953. doi:10.1161/
CIRCULATIONAHA.116.021553

Lindholm, P., Ekborn, A., Oberg, D., and Gennser, M. (2008). Pulmonary edema
and hemoptysis after breath-hold diving at residual volume. J. Appl. Physiol. 104 (4),
912-917. Epub 2008 jan 17. doi:10.1152/japplphysiol.01127.2007

Lindholm, P., Swenson, E. R., Martinez-Jiménez, S., and Guo, H. H. (2018). From
ocean deep to mountain high: Similar computed tomography findings in immersion
and high-altitude pulmonary edema. Am. J. Respir. Crit. Care Med. 198 (8),
1088-1089. doi:10.1164/rccm.201803-0581im

Ludwig, B. B., Mahon, R. T., and Schwartzman, E. L. (2006). Cardiopulmonary
function after recovery from swimming-induced pulmonary edema. Clin. J. Sport
Med. 16 (4), 348-351. doi:10.1097/00042752-200607000-00011

Luks, A. M., Swenson, E. R., and Birtsch, P. (2017). Acute high-altitude sickness.
Eur. Respir. Rev. 26 (143), 160096. doi:10.1183/16000617.0096-2016

Maggiorini, M., Brunner-la Rocca, H. P., Peth, S., Fischler, M., Bohm, T,
Bernheim, A., et al. (2006). Both tadalafil and dexamethasone may reduce the
incidence of high-altitude pulmonary edema: A randomized trial. Ann. Intern. Med.
145, 497-506. doi:10.7326/0003-4819-145-7-200610030-00007

Maggiorini, M., Mélot, C,, Pierre, S., Pfeiffer, F., Greve, I, Sartori, C,, et al. (2001).
High-altitude pulmonary edema is initially caused by an increase in capillary
pressure. Circulation 103 (16), 2078-2083. doi:10.1161/01.¢ir.103.16.2078

Mahon, R. T., Kerr, S., Amundson, D., and Parrish, J. S. (2002). Immersion
pulmonary edema in special forces combat swimmers. Chest 122, 383-384. doi:10.
1378/chest.122.1.383-a

frontiersin.org


https://doi.org/10.28920/dhm51.3.299-302
https://doi.org/10.1152/japplphysiol.01167.2004
https://doi.org/10.1016/S0140-6736(02)09723-4
https://doi.org/10.1056/NEJM199110313251805
https://doi.org/10.1056/NEJMc1309747
https://doi.org/10.1152/jappl.1987.63.2.752
https://doi.org/10.1016/j.chest.2021.10.018
https://doi.org/10.1016/j.chest.2021.10.018
https://doi.org/10.1186/s40798-017-0104-1
https://doi.org/10.1183/09031936.99.13369799
https://doi.org/10.1183/09031936.99.13369799
https://doi.org/10.1152/ajplung.00146.2015
https://doi.org/10.1152/ajplung.00146.2015
https://doi.org/10.1152/japplphysiol.00491.2009
https://doi.org/10.1152/japplphysiol.00491.2009
https://doi.org/10.1155/2011/261404
https://doi.org/10.1089/ham.2014.1117
https://doi.org/10.1089/ham.2014.1117
https://doi.org/10.1164/rccm.200606-780OC
https://doi.org/10.1164/rccm.200606-780OC
https://doi.org/10.1152/japplphysiol.01088.2010
https://doi.org/10.1152/japplphysiol.01088.2010
https://doi.org/10.1056/NEJM199607183350313
https://doi.org/10.1016/s0735-1097(99)00633-6
https://doi.org/10.1016/s0735-1097(99)00633-6
https://doi.org/10.3389/fphys.2017.00652
https://doi.org/10.3389/fphys.2017.00652
https://doi.org/10.1016/s0140-6736(76)91677-9
https://doi.org/10.1016/s0140-6736(76)91677-9
https://doi.org/10.1016/j.chest.2021.06.034
https://doi.org/10.1016/j.chest.2021.06.034
https://doi.org/10.1016/j.chest.2020.04.028
https://doi.org/10.1016/j.chest.2020.04.028
https://doi.org/10.2165/00007256-200636060-00004
https://doi.org/10.2165/00007256-200636060-00004
https://doi.org/10.1164/rccm.200406-707OC
https://doi.org/10.1164/rccm.200406-707OC
https://doi.org/10.1164/ajrccm.155.3.9116992
https://doi.org/10.1164/ajrccm.155.3.9116992
https://doi.org/10.1016/s0014-2999(01)01044-5
https://doi.org/10.1016/s0014-2999(01)01044-5
https://doi.org/10.1183/09031936.00145608
https://doi.org/10.1016/s0034-5687(98)00006-1
https://doi.org/10.1016/s0034-5687(98)00006-1
https://doi.org/10.1161/CIRCULATIONAHA.116.021553
https://doi.org/10.1161/CIRCULATIONAHA.116.021553
https://doi.org/10.1152/japplphysiol.01127.2007
https://doi.org/10.1164/rccm.201803-0581im
https://doi.org/10.1097/00042752-200607000-00011
https://doi.org/10.1183/16000617.0096-2016
https://doi.org/10.7326/0003-4819-145-7-200610030-00007
https://doi.org/10.1161/01.cir.103.16.2078
https://doi.org/10.1378/chest.122.1.383-a
https://doi.org/10.1378/chest.122.1.383-a
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1007316

Tetzlaff et al.

Mairbaurl, H., Schwobel, F., Hoschele, S., Maggiorini, M., Gibbs, S., Swenson, E.
R, et al. (2003). Altered ion transporter expression in bronchial epithelium in
mountaineers with high-altitude pulmonary edema. J. Appl. Physiol. 95, 1843-1850.
doi:10.1152/japplphysiol.01156.2002

Miller, C. C,, 3rd., Calder-Becker, K., and Modave, F. (2010). Swimming-induced
pulmonary edema in triathletes. Am. J. Emerg. Med. 28, 941-946. doi:10.1016/j.
ajem.2009.08.004

Moon, R. E., Martina, S. D, Peacher, D. F,, Potter, J. F., Wester, T. E., Cherry, A. D,
et al. (2016). Swimming-induced pulmonary edema: Pathophysiology and risk reduction
with sildenafil. Circulation 133, 988-996. doi:10.1161/circulationaha.115.019464

Naeije, R., Vachiery, J. L, Yerly, P, and Vanderpool, R. (2013). The
transpulmonary pressure gradient for the diagnosis of pulmonary vascular
disease. Eur. Respir. J. 41, 217-223. doi:10.1183/09031936.00074312

Neal, C. R, and Michel, C. C. (1996). Openings in frog microvascular
endothelium induced by high intravascular pressures. J. Physiol. 492, 39-52.
doi:10.1113/jphysiol.1996.sp021287

Ng, S.S., and Pang, C. C. (1998). Zaprinast, a type V phosphodiesterase inhibitor,
dilates capacitance vessels in anaesthetised rats. Eur. J. Pharmacol. 351 (3), 323-328.
doi:10.1016/s0014-2999(98)00319-7

Oelz, O., Maggiorini, M., Ritter, M., Waber, U., Jenni, R., Vock, P., et al. (1989).
Nifedipine for high altitude pulmonary oedema. Lancet 2 (8674), 1241-1244.
doi:10.1016/s0140-6736(89)91851-5

Peacher, D. F., Martina, S. D., Otteni, C. E., Wester, T. E., Potter, J. F., and Moon,
R. E. (2015). Immersion pulmonary edema and comorbidities: Case series and
updated review. Med. Sci. Sports Exerc. 47, 1128-1134. doi:10.1249/MSS.
0000000000000524

Peacher, D. F,, Pecorella, S. R,, Freiberger, J. J., Natoli, M. J., Schinazi, E. A, Doar, P. O.,
et al. (2010). Effects of hyperoxia on ventilation and pulmonary hemodynamics during
immersed prone exercise at 4.7 ata: Possible implications for immersion pulmonary
edema. J. Appl. Physiol. 109 (1), 68-78. doi:10.1152/japplphysiol.01431.2009

Pons, M., Blickenstorfer, D., Oechslin, E., Hold, G., Greminger, P., Franzeck, U.
K., et al. (1995). Pulmonary oedema in healthy persons during scuba-diving and
swimming. Eur. Respir. J. 8, 762-767.

Sartori, C., Allemann, Y., Duplain, H., Lepori, M., Egli, M., Lipp, E., et al. (2002).
Salmeterol for the prevention of high-altitude pulmonary edema. N. Engl. J. Med.
346, 1631-1636. doi:10.1056/NEJMo0a013183

Sartori, C., Duplain, H., Lepori, M., Egli, M., Maggiorini, M., Nicod, P., et al.
(2004). High altitude impairs nasal transepithelial sodium transport in HAPE-
prone subjects. Eur. Respir. ]. 23 (6), 916-920. doi:10.1183/09031936.04.00115304

Schoene, R. B., Hackett, P. H., Henderson, W. R,, Sage, E. H., Chow, M., Roach, R.
C., et al. (1986). High-altitude pulmonary edema: Characteristics of lung lavage
fluid. J. Am. Med. Assoc. 256, 63-69. doi:10.1001/jama.1986.03380010067027

Shupak, A., Weiler-Ravell, D., Adir, Y., Daskalovic, Y. I, Ramon, Y., and Kerem,
D. (2000). Pulmonary oedema induced by strenuous swimming: A field study.
Respir. Physiol. 121, 25-31. doi:10.1016/S0034-5687(00)00109-2

Frontiers in Physiology

09

10.3389/fphys.2022.1007316

Slade, J. B., Hattori, T., Ray, C. S., Bove, A. A,, and Cianci, P. (2001). Pulmonary
edema associated with scuba diving : Case reports and review. Chest 120,
1686-1694. doi:10.1378/chest.120.5.1686

Swenson, E. R,, and Birtsch, P. (2012). High-altitude pulmonary edema. Compr.
Physiol. 2, 2753-2773. doi:10.1002/cphy.c100029

Swenson, E. R., Maggiorini, M., Mongovin, S., Gibbs, J. S., Greve, I, Mairbaurl, H.,
et al. (2002). Pathogenesis of high-altitude pulmonary edema: Inflammation is not
an etiologic factor. J. Am. Med. Assoc. 287, 2228-2235. doi:10.1001/jama.287.17.
2228

Vock, P., Brutsche, M. H., Nanzer, A., and Bartsch, P. (1991). Variable
radiomorphologic data of high altitude pulmonary edema. Features from
60 patients. Chest 100, 1306-1311. doi:10.1378/chest.100.5.1306

Volk, C., Spiro, G., Boswell, G., Lindholm, P., Schwartz, J., Wilson, Z., et al.
(2021). Incidence and impact of swimming-induced pulmonary edema on
navy seal candidates. Chest 159 (5), 1934-1941. doi:10.1016/j.chest.2020.
11.019

Ware, I. B,, and Matthay, M. A. (2005). Clinical practice. Acute pulmonary
edema. N. Engl. J. Med. 353, 2788-2796. doi:10.1056/NEJMcp052699

Weiler-Ravell, D., Shupak, A., Goldenberg, I., Halpern, P., Shoshani, O.,
Hirschhorn, G., et al. (1995). Pulmonary oedema and haemoptysis induced
by strenuous swimming. Br. Med. J. 311, 361-362. doi:10.1136/bmj.311.
7001.361

Wenger, M., and Russi, E. W. (2007). Aqua jogging-induced pulmonary oedema.
Eur. Respir. J. 30, 1231-1232. doi:10.1183/09031936.00116407

West, J. B, Colice, G. L., Lee, Y.-J., Namba, Y., Kurdak, S. S., Fu, Z., et al. (1995).
Pathogenesis of high-altitude pulmonary oedema: Direct evidence of stress failure
of pulmonary capillaries. Eur. Respir. J. 8, 523-529.

West, J. B, Tsukimoto, K., Mathieu-Costello, O., and Prediletto, R. (1991). Stress
failure in pulmonary capillaries. J. Appl. Physiol. 70, 1731-1742. doi:10.1152/jappl.
1991.70.4.1731

Wester, T. E., Cherry, A. D., Pollock, N. W., Freiberger, J. J., Natoli, M. J., Schinazi,
E. A, et al. (2009). Effects of head and body cooling on hemodynamics during
immersed prone exercise at 1 ATA. J. Appl. Physiol. 106, 691-700. doi:10.1152/
japplphysiol.91237.2008

Wilmshurst, P. T., Nuri, M., Crowther, A., and Webb-Peploe, M. M. (1989). Cold-
induced pulmonary oedema in scuba divers and swimmers and subsequent
development of hypertension. Lancet 333, 62-65. doi:10.1016/s0140-6736(89)
91426-8

Yin, J., Hoffmann, J., Kaestle, S. M., Neye, N., Wang, L., Baeurle, ], et al. (2008).
Negative-feedback loop attenuates hydrostatic lung edema via a cgmp-dependent
regulation of transient receptor potential vanilloid 4. Circ. Res. 102, 966-974. doi:10.
1161/CIRCRESAHA.107.168724

Zavorsky, G. S. (2007). Evidence of pulmonary oedema triggered by exercise in
healthy humans and detected with various imaging techniques. Acta Physiol. (Oxf).
189 (4), 305-317. doi:10.1111/.1748-1716.2006.01660.x

frontiersin.org


https://doi.org/10.1152/japplphysiol.01156.2002
https://doi.org/10.1016/j.ajem.2009.08.004
https://doi.org/10.1016/j.ajem.2009.08.004
https://doi.org/10.1161/circulationaha.115.019464
https://doi.org/10.1183/09031936.00074312
https://doi.org/10.1113/jphysiol.1996.sp021287
https://doi.org/10.1016/s0014-2999(98)00319-7
https://doi.org/10.1016/s0140-6736(89)91851-5
https://doi.org/10.1249/MSS.0000000000000524
https://doi.org/10.1249/MSS.0000000000000524
https://doi.org/10.1152/japplphysiol.01431.2009
https://doi.org/10.1056/NEJMoa013183
https://doi.org/10.1183/09031936.04.00115304
https://doi.org/10.1001/jama.1986.03380010067027
https://doi.org/10.1016/S0034-5687(00)00109-2
https://doi.org/10.1378/chest.120.5.1686
https://doi.org/10.1002/cphy.c100029
https://doi.org/10.1001/jama.287.17.2228
https://doi.org/10.1001/jama.287.17.2228
https://doi.org/10.1378/chest.100.5.1306
https://doi.org/10.1016/j.chest.2020.11.019
https://doi.org/10.1016/j.chest.2020.11.019
https://doi.org/10.1056/NEJMcp052699
https://doi.org/10.1136/bmj.311.7001.361
https://doi.org/10.1136/bmj.311.7001.361
https://doi.org/10.1183/09031936.00116407
https://doi.org/10.1152/jappl.1991.70.4.1731
https://doi.org/10.1152/jappl.1991.70.4.1731
https://doi.org/10.1152/japplphysiol.91237.2008
https://doi.org/10.1152/japplphysiol.91237.2008
https://doi.org/10.1016/s0140-6736(89)91426-8
https://doi.org/10.1016/s0140-6736(89)91426-8
https://doi.org/10.1161/CIRCRESAHA.107.168724
https://doi.org/10.1161/CIRCRESAHA.107.168724
https://doi.org/10.1111/j.1748-1716.2006.01660.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1007316

	An update on environment-induced pulmonary edema – “When the lungs leak under water and in thin air”
	Introduction
	Clinical presentation of IPE
	Clinical presentation of HAPE
	Pathophysiology of IPE
	Pathophysiology of HAPE
	Comparison between IPE and HAPE
	Pulmonary circulation
	Type of alveolar capillary leak


	Conclusion
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


