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ABSTRACT

High-altitude pulmonary edema (HAPE) represents one of the most severe and potentially fatal forms of high-altitude illness
encountered in individuals ascending to elevations typically above 2,500 meters. Despite advances in preventive strategies
and clinical management, HAPE continues to pose diagnostic and therapeutic challenges, particularly in acclimatized
individuals and in settings where overlapping cardiopulmonary conditions may obscure its recognition. The condition is
characterized by non-cardiogenic pulmonary edema associated with exaggerated hypoxic pulmonary vasoconstriction,
heterogeneous pulmonary blood flow, and capillary stress failure. Recent clinical and physiological research has expanded
understanding of its pathophysiology, electrocardiographic manifestations, biomarker profiles, and therapeutic responses,
yet important gaps persist in distinguishing HAPE from mimicking conditions such as pulmonary embolism and acute
coronary syndromes at altitude. This review synthesizes contemporary evidence on the epidemiology, pathophysiological
mechanisms, diagnostic criteria, electrocardiographic changes, and management strategies for HAPE, with particular
emphasis on objective diagnostic frameworks and treatment modalities including oxygen therapy, pharmacological
interventions, and non-invasive ventilatory support. By integrating clinical observations with physiological insights, this
manuscript aims to provide a comprehensive and updated perspective on HAPE for clinicians practicing in high-altitude and
expeditionary environments, while highlighting unresolved questions and directions for future research.
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resources are limited. Symptoms such as dyspnea, cough,
and chest tightness may overlap with acute mountain

High-altitude exposure presents a unique physiological sickness, pneumonia, pulmonary embolism, or even acute
challenge to the human cardiopulmonary system. As elevation ~ coronary syndromes [7,8,19]. This diagnostic ambiguity is
increases, barometric pressure declines, resulting in reduced ~ compounded by evolving evidence that HAPE may occur in
partial pressure of inspired oxygen and subsequent hypobaric partially acclimatized individuals and may present with
hypoxia. While many individuals adapt through atypical features, including subtle electrocardiographic
acclimatization, a subset develop high-altitude illnesses, ~abnormalities and elevations in cardiac biomarkers
among which high-altitude pulmonary edema (HAPE) is the [16,19].

most life-threatening manifestation [1,9,15]. HAPE is Over the past two decades, research has significantly
traditionally described as a non-cardiogenic pulmonary advanced understanding of HAPE pathophysiology,
edema that develops in otherwise healthy individuals emphasizing the role of exaggerated hypoxic pulmonary
following rapid ascent to altitudes usually exceeding 2,500  Vasoconstriction, uneven pulmonary perfusion, and
meters, although cases have been reported at lower elevations ~ increased capillary permeability rather than inflammatory
under specific circumstances [3,14]. alveolar injury [17,18]. Parallel developments in clinical
The clinical importance of HAPE lies not only in its acute =~ Managementhave refined the use of supplemental oxygen,
mortality risk but also in its propensity to be misdiagnosed, pharmacologic agents such as nifedipine, and non-invasive
particularly in remote environments where diagnostic ventilatory strategies [11-14]. However, consensus
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remains incomplete regarding optimal diagnostic criteria, the
role of adjunctive investigations, and the management of
atypical or refractory cases.

This article provides a comprehensive review of HAPE,
integrating classical concepts with contemporary evidence.
Particular emphasis is placed on pathophysiological
mechanisms, diagnostic challenges, electrocardiographic and
biomarker findings, evidence-based management
strategies. By synthesizing data from clinical studies,
physiological investigations, and guideline recommendations,

and

this review aims to support clinicians in recognizing and
managing HAPE effectively while identifying areas requiring
further research.

METHODS

This manuscript is structured as a narrative, evidence-based
review of the literature on high-altitude pulmonary edema.
Key peer-reviewed articles, clinical guidelines, and
authoritative reviews were identified from established
medical literature sources, with particular emphasis on
studies referenced in major clinical practice guidelines and
landmark physiological investigations [1,15,17]. The selected
references encompass clinical trials, observational studies,
case series, and expert consensus documents addressing
epidemiology, pathophysiology, diagnosis,
electrocardiographic changes, and management strategies
related to HAPE.

Priority was given to studies that provided objective
diagnostic criteria, mechanistic insights, or comparative
evaluations of therapeutic interventions [3,11-13]. Additional
emphasis was placed on literature exploring conditions that
mimic HAPE at altitude, including pulmonary embolism and
acute coronary syndromes, to address diagnostic complexity
[7,8,19]. Data were synthesized qualitatively to provide an
integrated clinical and physiological perspective. Given the
narrative nature of the review, no meta-analytic techniques
were applied, and findings are presented descriptively to
reflect the heterogeneity of available evidence.

RESULTS
Epidemiology and Risk Factors

HAPE predominantly affects individuals ascending rapidly to
high altitude without adequate acclimatization. Incidence
rates vary depending on ascent profile, altitude attained, and
individual susceptibility, ranging from 0.2% to over 6% in
high-risk populations [15]. Young males, individuals with a
prior history of HAPE, and those engaging in strenuous
physical exertion during ascent are disproportionately
affected [14,17]. Genetic predisposition has been suggested,
particularly

involving pathways regulating pulmonary

vascular tone and endothelial function, although definitive
markers remain elusive [18].

Environmental factors such as cold exposure and
intercurrent respiratory infections have been associated
with increased risk, potentially through modulation of
pulmonary vascular responses and alveolar fluid
clearance [17]. Notably, cases of HAPE have been
documented in acclimatized individuals at moderate
altitudes between 2,700 and 3,500 meters, challenging
traditional assumptions regarding susceptibility and
emphasizing the need for objective diagnostic criteria [3].

Pathophysiology

The pathogenesis of HAPE is complex and multifactorial,
centering on an exaggerated pulmonary vascular response
to hypoxia. Hypoxic pulmonary vasoconstriction, a
physiological mechanism intended to optimize
ventilation-perfusion matching, becomes excessive and
heterogeneous in susceptible individuals [17]. This results
in markedly elevated pulmonary artery pressures and
uneven regional blood flow, leading to overperfusion of
less constricted vascular segments.

The mechanical stress imposed on pulmonary capillaries
under these conditions contributes to capillary stress
failure, allowing protein-rich fluid and erythrocytes to leak
into the alveolar space without primary inflammatory
injury [18]. This non-inflammatory edema distinguishes
HAPE from cardiogenic and inflammatory pulmonary
edema and is supported by bronchoalveolar lavage studies
demonstrating high protein concentrations with minimal
inflammatory cell infiltration [17].

Impaired alveolar fluid clearance further exacerbates
edema formation. Hypoxia
downregulate epithelial sodium channels and sodium-

has been shown to
potassium ATPase activity, reducing the lung’s capacity to
reabsorb alveolar fluid [18]. Together, these mechanisms
explain the rapid onset and progression of HAPE in

susceptible individuals following ascent.
Clinical Presentation

HAPE typically manifests within 2-5 days of ascent and is
characterized by progressive exertional dyspnea, reduced
exercise tolerance, cough, and chest tightness [9,14]. As
the condition advances, dyspnea at rest, orthopnea, and
production of frothy or blood-tinged sputum may occur.
Physical tachycardia,
tachypnea, and inspiratory crackles, predominantly over

examination often reveals

the lung bases, although findings may be asymmetric [15].
Importantly, systemic features such as fever are usually
absent or mild, aiding differentiation from infectious
However, with other

pneumonia. overlap
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cardiopulmonary conditions remains common, particularly in
older individuals or those with pre-existing cardiovascular
risk factors [19].

Diagnostic Considerations

Diagnosis of HAPE remains primarily clinical, supported by
history of recent altitude gain and characteristic symptoms.
Objective criteria have been proposed to improve diagnostic
accuracy, particularly in acclimatized individuals and at
moderate altitudes [3]. These criteria incorporate clinical
features, oxygen saturation measurements, and radiographic
findings when available.

Differentiating HAPE from pulmonary embolism
particular importance, as both conditions may present with
acute dyspnea, hypoxemia, and chest discomfort at altitude
[7,8]. Pulmonary embolism is more likely to be associated with
pleuritic chest pain, hemoptysis, and risk factors for
thrombosis, whereas HAPE typically responds rapidly to
oxygen and descent [8]. Similarly, cases of HAPE mimicking
acute coronary syndromes have been reported, highlighting
the need for cautious interpretation of electrocardiographic
changes and cardiac biomarkers [19].

is of

Electrocardiographic and Biomarker Findings

Electrocardiographic changes at high altitude have been
studied,
autonomic alterations and
afterload [4-6]. Common findings include sinus tachycardia,
right axis deviation, T-wave inversions in right precordial
leads, and signs of right ventricular strain [6]. While these
changes are generally reversible with descent or oxygen

extensively reflecting both hypoxia-induced

increased right ventricular

therapy, they may complicate differentiation from primary
cardiac pathology.

Elevations in cardiac biomarkers, including troponins and
natriuretic peptides, have been reported in HAPE, suggesting
myocardial stress rather than ischemic injury [16]. These
findings underscore the importance of integrating clinical
context and physiological understanding when evaluating
suspected cardiac involvement at altitude.

Management Strategies

The cornerstone of HAPE management remains prompt
descent and supplemental oxygen, both of which are
associated with rapid clinical improvement [1,11]. Oxygen
therapy reduces hypoxic pulmonary vasoconstriction, lowers
pulmonary artery pressure, and enhances alveolar fluid
clearance [12]. In situations where descent is not immediately
feasible, continuous oxygen administration may stabilize
patients until evacuation is possible.

Pharmacological interventions serve as adjuncts rather than

substitutes for oxygen and descent. Nifedipine, a calcium
channel blocker, has been shown to reduce pulmonary
artery pressure and improve oxygenation in HAPE
patients [13]. Phosphodiesterase inhibitors and beta-
agonists have been explored, although evidence remains
limited and heterogeneous [14].

Non-invasive ventilatory strategies, including auto-
positive end-expiratory pressure devices, have gained
attention as temporizing measures in resource-limited
settings. Comparative studies suggest that while such
devices may improve oxygenation, they do not replace the
need for oxygen or descent [11].

Discussion

High-altitude pulmonary edema remains a paradigmatic
example of environmentally induced cardiopulmonary
pathology, illustrating the complex interplay between
hypoxia, physiology, and individual
susceptibility. Despite decades of research, HAPE
continues to challenge clinicians due to its variable
presentation, overlap with other serious conditions, and
dependence on environmental context for diagnosis and
management.

One of the most significant advances in recent years has
been the refinement of pathophysiological understanding.
The recognition that HAPE is fundamentally a disorder of
exaggerated
vasoconstriction,
injury, has reshaped therapeutic priorities [17,18]. This
paradigm explains the dramatic responsiveness of HAPE
to oxygen and descent and supports the use of targeted
pulmonary vasodilators as adjunctive therapy.

vascular

and uneven  hypoxic  pulmonary

rather than inflammatory alveolar

Diagnostic uncertainty remains a central issue,
particularly in acclimatized individuals and at moderate
altitudes. Objective diagnostic criteria represent an
important step toward standardization but require
broader validation across diverse populations and
environments [3]. The increasing recognition of HAPE
mimickers, including pulmonary embolism and acute
coronary syndromes, underscores the need for cautious
clinical judgment and, where feasible, access to diagnostic
modalities [7,8,19].

Electrocardiographic and biomarker abnormalities
highlight the systemic impact of hypoxia and pulmonary
hypertension in HAPE. While these findings may raise
concern for primary cardiac pathology, they more often
reflect reversible physiological stress [6,16]. Clinicians
must balance vigilance for true cardiac events with
awareness of altitude-related physiological adaptations.

Management strategies for HAPE are well-established yet
remain constrained by logistical realities in high-altitude

settings. Oxygen therapy and descent are universally
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endorsed, while pharmacological and non-invasive
interventions serve supportive roles [1,11-14].
research should focus on refining preventive strategies,
identifying reliable markers of susceptibility, and optimizing

management protocols for austere environments.

Future

Extended Discussion: Diagnostic and

Differential Diagnosis at High Altitude

Complexity

A particularly challenging aspect of HAPE management lies in
its differentiation from other acute cardiopulmonary
conditions encountered at altitude. Pulmonary embolism,
although less common, has been increasingly reported in high-
altitude regions, raising concern for misdiagnosis and
inappropriate management [71. Hypoxia-induced
hemoconcentration, dehydration, and reduced mobility may
contribute to thrombotic risk, although causal relationships
remain under investigation.

Clinical overlap between pulmonary embolism and HAPE is
substantial, with shared features including acute dyspnea,
hypoxemia, and tachycardia [8]. However, response to oxygen
therapy and descent often provides a critical diagnostic clue,
as HAPE typically demonstrates rapid improvement, whereas
pulmonary embolism does not. Nonetheless, reliance on
therapeutic response alone may be insufficient in ambiguous
cases, particularly in older individuals or those with risk
factors for thrombosis.

Similarly, reports of HAPE presenting with chest pain,
electrocardiographic changes, and biomarker elevation have
blurred distinctions between pulmonary and cardiac
pathology at altitude [19]. These cases emphasize the
importance of understanding altitude physiology and
avoiding overinterpretation of diagnostic tests validated
primarily at sea level. Integrative assessment, incorporating
ascent history, symptom progression, and physiological
response to oxygen, remains essential.

The need for improved diagnostic algorithms tailored to high-
altitude environments is evident. Portable ultrasound, point-
of-care biomarker testing, and standardized clinical scoring
systems represent promising avenues for future development.
Such tools may enhance diagnostic accuracy while
acknowledging the practical constraints of high-altitude
medicine.

Future Directions and Research Gaps

Despite substantial progress, several unanswered questions
persist in HAPE research. The molecular and genetic
determinants of susceptibility remain incompletely defined,
limiting the ability to predict risk and personalize preventive
strategies. Additionally, the optimal role of pharmacological
prophylaxis in high-risk individuals continues to be debated,
particularly given variability in drug response and side effect

profiles [14].
Further research is needed to clarify the long-term

cardiopulmonary consequences

of HAPE, including

potential residual pulmonary hypertension or altered
vascular reactivity. The increasing popularity of high-
altitude travel and endurance sports underscores the
importance of advancing both preventive and therapeutic
approaches [4].
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