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A B S T R A C T

Areas at high-altitude, annually attract millions of tourists, skiers, trekkers, and climbers. If not adequately
prepared and not considering certain ascent rules, a considerable proportion of those people will suffer from acute
mountain sickness (AMS) or even from life-threatening high-altitude cerebral (HACE) or/and pulmonary edema
(HAPE). Reduced inspired oxygen partial pressure with gain in altitude and consequently reduced oxygen
availability is primarily responsible for getting sick in this setting. Appropriate acclimatization by slowly raising
the hypoxic stimulus (e.g., slow ascent to high altitude) and/or repeated exposures to altitude or artificial, nor-
mobaric hypoxia will largely prevent those illnesses. Understanding physiological mechanisms of acclimatization
and pathophysiological mechanisms of high-altitude diseases, knowledge of symptoms and signs, treatment and
prevention strategies will largely contribute to the risk reduction and increased safety, success and enjoyment at
high altitude. Thus, this review is intended to provide a sound basis for both physicians counseling high-altitude
visitors and high-altitude visitors themselves.
Introduction

Millions of international tourists, trekkers, mountaineers and skiers
are attracted to mountainous areas all over the world. This was at least
true until spring 2020 before the lockdown due to the COVID-19
pandemic that severely affected travel activities but will very likely
return to a similar level when the pandemic has been overcome.1–3 To
give some examples, in 2019 nearly 1.2 million tourists visited Nepal,
197,786 for pilgrimage and 171,937 for trekking and mountaineering.4

The latest figures (2018) reporting the yearly numbers of climbers on
the various routes of Kilimanjaro amount to more than 47,000.5

Annually, over 40 million hikers and skiers visit the mountainous re-
gions of Alps6 and about 400 million skier days (primarily downhill
skiers and snowboarders) have been estimated from 2,000 ski areas
across 80 countries worldwide.7 A large proportion of those people is
acutely exposed to altitudes above 2,000 m (about 6,560 ft) where the
risk to suffer from mountain illnesses starts and becomes more preva-
lent with further increasing altitude.8,9 Altitude regions are usually
defined as high altitude (1,500–3,500 m; ~5,000–11,500 ft), very high
altitude (3,500–5,500m; ~11,500–18,000 ft), and extreme altitude
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(>5,500m; >18,000 ft).10 Acute mountain sickness (AMS) is the most
frequently observed and usually benign and self-limited high-altitude
illness.8,10 In contrast, high-altitude cerebral (HACE) and pulmonary
edema (HAPE) occurs rather rarely but are life-threatening
diseases.11,12

It is long known that the increasing level of hypoxemia due to the
reduced inspired oxygen partial pressure with gain in altitude is the
primary reason for developing acute mountain sicknesses. Appropriate
acclimatization is able to prevent altitude (hypoxia) related ill-
nesses.8,13,14 The effectiveness of various pre-acclimatization strategies,
including continuous and intermittent exposures to hypobaric and/or
normobaric hypoxia is well documented.15,16 Rapid ascent to high
altitude represents one of the most important risk factors for AMS
development and staging for some days at even moderate altitude, i.e.,
2,200m, will considerably reduce the AMS incidence.17,18 Bloch and
colleagues convincingly demonstrated that slower ascent rates to the
highest camp (6,865 m) on Muztagh Ata were associated with lesser
AMS symptoms and enhanced summit success compared to climbers
ascending faster.19 Generally, lowlanders can ascend and fully accli-
matize to altitudes of about 5,000m for continuous residence.20

Acclimatization to altitudes even higher than 7,000 m for rather
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Abbreviation list

AQP-4 Aquaporin-4
AMS Acute mountain sickness
ARNT Aryl hydrocarbon nuclear translocator
BBB Blood-brain barrier
COVID-19 Corona virus disease 2019
ECG Electrocardiogramme
EPO Erythropoietin
ESQ Environmental Symptoms Questionnaire
HAPE High-altitude pulmonary edema
HACE High-altitude cerebral edema
HIF Hypoxia-inducible factor
HVR Hypoxic ventilatory response

LLS Lake Louise Scoring system
MRI Magnetic resonance imaging
NO Nitric oxide
PACO2 Alveolar carbon dioxide partial pressure
PAO2 Alveolar oxygen partial pressure
PO2 Oxygen partial pressure
PDE Phosphodieseterase
PFO Patent foramen ovale
ROS Reactive oxygen species
UIAA Union Internationale des Associations d'Alpinisme Medical

Commission
VEGF Vascular endothelial growth factor
_VO2max Maximum oxygen consumption
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short-term stays (days) was demonstrated in mountaineers, while
acclimatization over 8,000m seems not to be possible for human
beings.21

There are commonly accepted rules for safe acclimatization at alti-
tudes above 2,500m, recommending not to exceed sleeping altitude by
300–500m per day and having a rest day for every 1,000m altitude gain
(and also prior to or following a greater ascent rate).22 Considering these
rules would largely prevent severe high-altitude illnesses, but their
implementation is often hampered by given logistic conditions. Under-
estimating the risk of getting sick, mostly based on incomplete under-
standing of both the physiology and the individual management of
acclimatization, favors violation of the acclimatization rules as well.
Thus, this review is aimed at discussing mechanisms, diagnosis, and
therapeutic options of high-altitude illnesses as the underlying rationale
for the development and application of individually tailored prevention
strategies.

Acute mountain sickness and high-altitude cerebral edema

AMS and HACE constitute cerebral forms of high-altitude illnesses
because associated symptoms indicate pathophysiological effects of
hypobaric hypoxia primarily originating in the brain. Whereas AMS is the
most frequent and benign illness developing at high altitude, HACE oc-
curs rather rarely but represents a potentially life-threatening disease
requiring rapid intervention. HACE is considered as the end stage of
progressing AMS.8

AMS

Epidemiology and diagnosis
AMS typically affects individuals rapidly ascending from low to high

altitudes (>2,000m).9 Symptoms are predominantly headaches, but also
include nausea, lack of appetite, vomiting, insomnia, dizziness, and/or
fatigue. Symptoms will steeply increase during the first 6–12 h at altitude
depending on the individual’s susceptibility to AMS, with faster pro-
gressing nausea in those most susceptible to AMS.23 At the moderate and
high altitudes of the Eastern Alps, the AMS prevalence was shown to
increase from 7% at 2,200m to 38% at 3,500m9 and was as high as 52%
at 4,559m (very high altitude) in the Western Alps.24 Richalet and col-
leagues reported a 23.7% incidence of severe AMS, derived from a cohort
of 1,326 subjects sojourning to 4,000m.25 Females seem to be slightly
more affected than males26, and younger individuals are slightly more
affected than older ones.27 Children suffer similarly from AMS as do
adults.28

Diagnosis of AMS is commonly based on the use of the Lake Louise
Scoring system (LLS) or the shortened (11-item) version (ESQ-C) of the
67-item Environmental Symptoms Questionnaire (ESQ-III). The LLS is a
self-assessment questionnaire including five main symptoms (headache,
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nausea, dizziness, fatigue, and difficulty sleeping), each rated with a
score from 0 to 3 (0 for no discomfort, 1 for mild, 2 for moderate, and 3
for severe symptoms).29 Recently, the consensus group has revised the
LLS and eliminated difficulty sleeping as a questionnaire item.30 A score
of 3 or higher is classified as AMS. The questions of the ESQ-C are scored
on a scale of 0–5, with 0 reported as “not at all” and 5 as “extreme.” Each
response score is multiplied by the factorial weight of its symptom and a
score of 0.70 or greater is classified as AMS-C. It has to be noted that
diagnostic results of different AMS scoring systems, i.e., LLS, ESQ-III, and
the visual analog scale (VAS), should not be interchanged. For instance,
Wagner and colleagues found an AMS prevalence of 63% when defined
as LLS �3, which was 49% when defined as either LLS �5 or ESQ-III
�0.7. Although there was agreement in prevalence between the LLS
�5 and ESQ-III �0.7, the authors found a discrepancy in AMS classifi-
cation in 16% of the cases.31 Nevertheless, based on these findings and
practical/clinical observations in the field, a LLS �5 or ESQ-III �0.7 are
considered to be clinically relevant.

Pathophysiology
Although low-pressure environment per se might slightly increase

AMS development, acute hypoxia associated with rapid gain in altitude
constitutes the primary cause.14,32–34 At the cellular level, hypoxia leads
to activation of the hypoxia-inducible factor (HIF) pathway.35 HIF-1 (as
also for HIF-2) is a heterodimeric transcription factor consisting of a
constitutively expressed β-subunit (HIF-1β, also known as aryl hydro-
carbon nuclear translocator, ARNT) and an oxygen-regulated α-subunit
(HIF-1α or its isoform HIF-2α which is expressed in a cell restricted
manner).35 Under normoxic conditions, the oxygen-dependent α-subunit
is hydroxylated making it vulnerable to proteasomal degradation. In
hypoxic conditions, hydroxylation is blocked and the α-subunit accu-
mulates in cells. HIFs promote the expression of many hundreds of genes
to support the maintenance of tissue oxygen supply. For instance, stabi-
lization of the α-subunit in hypoxia/at altitude results in up-regulation of
erythropoietin (EPO) and vascular endothelial growth factor (VEGF)
transcription, promoting erythropoiesis and angiogenesis.36,37 HIFs are
also involved in the regulation of glycolytic metabolism and reducing
mitochondrial oxygen consumption in hypoxia.38

At a systemic level, acute exposure to hypoxia also initiates several
physiological responses to counteract hypoxia and improving oxygen
delivery to tissues.13,39 The most important include hyperventilation,
triggered by the hypoxic ventilatory response (HVR),39 hemoconcentra-
tion due to diuresis, and elevation of heart rate and cardiac output due to
sympathetic activation.40,41 Resting ventilation steadily increases during
the first few days at high altitude, typically reaching a plateau after 4–8
days up to an altitude of about 4,300m.42,43 This progressive increase
(ventilatory acclimatization) is associated with an increase in the alve-
olar oxygen partial pressure (PAO2) and a decrease in the alveolar partial
pressure of carbon dioxide (PACO2).13 The resulting hypocapnia with
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respiratory alkalosis is at least partly compensated by renal bicarbonate
excretion.44 Characteristically, cerebral blood flow increases during the
first 12 h at high altitude and declines with acclimatization over 3–5 days
to near baseline values.45 Cerebral blood flow is primarily regulated by
hypoxic vasodilation and hypocapnic/hypercapnic vasoconstriction/
vasodilation.

Moreover, exposure to high altitude provokes, mostly HIF-dependent,
a variety of (patho-)physiological responses, including the production of
reactive oxygen species (ROS),46,47 eicosanoids,48 and cytokines
(markers of inflammation).49 It becomes apparent that those immediate
and subacute responses to hypobaric hypoxia are extremely complex, and
appropriate acclimatization will depend on the severity of hypoxia
(speed of ascent) and individual’s responsiveness (susceptibility) to
hypoxia. Failure to acclimatize adequately will result in the development
of acute mountain sickness.

Based on the obviously multi-factorial genesis of AMS, pathophysio-
logical mechanisms included are still a matter of debate. What is certain
is that acute exposure to hypoxia represents the primary cause initiating
the development of AMS in certain individuals under particular condi-
tions.14 However, effects of hypobaria may also contribute as McGuire
et al. showed that exposure to nonhypoxic hypobaria was associated with
subcortical white matter hyperintensities,50 supported by the observa-
tion of more severe or at least different AMS development in hypobaric
compared to normobaric hypoxia.51,52 Most subjects showed an early
increase of the cerebral blood flow and brain parenchyma volume during
the first 40min at high altitude, which was then compensated by a
decrease in the intracranial cerebrospinal fluid. However, these early
changes seem not to be related to AMS severity.53 Thus, persisting
intravascular pressure, edema formation and brain swelling might lead to
AMS development. Kallenberg et al. demonstrated mild extracellular
vasogenic edema in magnetic resonance imaging (MRI) contributing to
generalized brain swelling, which was independent of AMS.54 In that
study, intracellular cytotoxic edema was associated with AMS severity,
likely related to anatomic predisposition (‘tight-fit’ brain); the brain
volume was increased by only 0.5%.54 Similar results were reported by
Schoonman et al. who demonstrated that mild vasogenic edema had
developed after 6 h in normobaric hypoxia, again unrelated to AMS, but
found also mild cytotoxic edema in those with severe AMS.55 It seems
likely that the increase in cerebral blood flow does not fully provide
sufficient oxygen delivery, and consequently, compromised cellular en-
ergy and associated interruption of the Naþ/Kþ-pump can explain cyto-
toxic edema formation. The comprehensive study performed by Sagoo
et al. who took sequential MRI scans during a 22-h exposure to normo-
baric hypoxia with an FIO2 of 0.12 revealed an increase of total brain
parenchymal volume (including the grey and white matter as well), but
only white matter edema (indicating vasogenic edema) was correlated
with AMS scores.56 Interestingly, these researchers also detected
veno-compression of the small and deep cerebral veins, which is likely to
contribute to brain swelling and increased intracranial pressure espe-
cially in subjects with anatomical characteristics.56 Some brain swelling
and elevation of intracranial pressure seem to be involved at least in
severe headache and AMS development.

Headache at high altitude, the cardinal symptom of AMS, may be a
consequence of activation and sensitization of the trigeminovascular
system by mechanical (e.g., increased cranial and/or intravascular
pressure) and/or chemical (e.g., nitric oxide, prostaglandins, inflamma-
tory parameters, ROS) stimulation.57–59 Connections of these pain fibers
to vegetative centers in the brainstem could explain additional AMS
symptoms like nausea and vomiting.60 Thus, besides mechanical stimuli
related to elevated cerebral blood flow and/or brain swelling, AMS
symptoms may be primarily caused by activation of the trigeminovas-
cular system. Importantly, hypoxia and other altitude-related stresses are
known to trigger migraine or cluster headache, which is not easily
distinguished from AMS in subjects not suffering from primary headache
disorders.58,61 Moreover, exercise, dehydration, alcohol consumption,
etc. are knownmodulators of AMS severity.62–64 Taken together, all these
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findings suggest that AMS results from heterogeneous pathophysiologic
processes and the large variability of responses depending on the in-
dividual’s susceptibility.23 For instance, resistance to AMS was shown to
be associated with a large anti-inflammatory and/or anti-permeability
response during hypoxia exposure likely preventing downstream patho-
physiological events leading to AMS.65

Treatment
Hypoxia, and to a small extent also the low barometric pressure, are

the primary causes for the development of high-altitude illnesses, and
slow ascent rates represent the most important measure to prevent those
illnesses.8,32 Individuals suffering from headache and only moderate
AMS (Lake Louise score between 6 and 9)30 can stay at altitude in gen-
eral. None or only light exercises are recommended, paralleled by
appropriate fluid intake and, if necessary, intake of pain relievers (plus
antiemetics) (see Fig. 1). It is strictly advised against ascending to higher
altitudes before symptoms have disappeared.8,10,66 In the case, if symp-
toms persist or become even aggravated, descent is the necessary
consequence. In severe AMS, descent should be performed passively (if
possible), administering low-flow oxygen (2–4 L/min; if available) or
using a hyperbaric bag (if available). Unfortunately, the evidence level
for the effectiveness of non-pharmacological treatment strategies is
low.67

Pharmacological treatment of AMS includes acetazolamide (a car-
bonic anhydrase inhibitor) and/or dexamethasone, particularly in more
severe AMS. Information on administration, doses, and potential side
effects are shown in Figs. 1.8,10,66,67 Recently, both metoclopramide
(10mg) and ibuprofen (400mg) have been suggested as effective alter-
native treatment options to treat high-altitude headache and AMS as
well.68

HACE

Epidemiology and diagnosis
It is generally suggested that (severe) AMS in some cases may prog-

ress to life-threatening HACE. Whether and why this is really the case is
still unknown. Usually, but not necessarily, HACE is preceded by AMS
and rarely occurs at altitudes lower than 3,000m. HACE prevalence data
vary considerably depending on the population studied but may roughly
amount to about 1%. In Nepal trekkers, a HACE prevalence of 1% has
been reported between altitudes of 4,243 and 5,500m, but the preva-
lence increased to 3.4% in subjects suffering from AMS.69 Richalet et al.
recorded a HACE prevalence of 0.98% in a cohort of 1,326 individuals
sojourning to 4,000m,25 and Wu et al. reported a prevalence of 0.28%
among 14,000 railroad workers who travelled from lowland China to
Tibet (3,500–5,000m).70 Most prevalent symptoms in subjects suffering
from HACE include altered mental status and ataxia.11 Especially ataxia
represents an early warning symptom indicating potential HACE devel-
opment.71 Other accompanying symptoms to be mentioned are head-
ache, anorexia, nausea, vomiting, and retinal hemorrhages.71,72

Moreover, concurrent HAPE is not unusual in HACE.72 Proper diagnosis
would require MRI, which is usually not available at the site of occur-
rence but may confirm the HACE diagnosis after empirical therapy and
clinical improvement.72,73 Rapid suspected HACE diagnosis and treat-
ment in the field (based on symptoms mentioned above) is of utmost
importance because an initially alert mountaineer suffering from HACE
may rapidly deteriorate to coma and even death. Differential diagnosis to
be considered in cases with atypical presentation primarily include
intracranial hemorrhage, stroke, hypoglycemia, hyponatremia,
hypothermia.72

Pathophysiology
Preceding pathophysiological mechanisms in HACE seem identical to

those of severe AMS. Why some individuals do not recover and AMS
progresses to HACE remains to be elucidated. Again, specific conditions
and individual’s susceptibility may play important roles. MRI findings



Fig. 1. Medications for the prevention and treatment of high-altitude headache (HAH), acute mountain sickness (AMS) and high-altitude cerebral edema (HACE).
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typically demonstrate vasogenic edema formation in white matter areas
preferentially in the splenium of the corpus callosum.73 This indicates
dysfunction/disruption of the blood-brain barrier (BBB). For instance,
BBB dysfunction at high altitude may result from ROS-associated mem-
brane destabilization and inflammation, but also from local HIF and
VEGF activation.74 A recent study points to a potential role for the
glymphatic system of the brain in the pathogenesis of HACE.75 Increased
expression of aquaporin-4 (AQP-4) water channels (the main component
of the lymphatic system) in astrocytes was associated with HACE
development in animals exposed to hypobaric hypoxia.75 MRI scans even
months after recovery from HACE confirm previous brain edema with
brain-barrier disruption by hemosiderin deposition following micro-
hemorrhage especially in the splenium of the corpus callosum.76 Inter-
estingly, Pichler Hefti et al. found such microhemorrhages also in the
cerebellar peduncles of a high-altitude climber indicating a reasonable
connection between the anatomical site of the lesion and ataxia.77,78

Treatment
As HACE is usually fatal within 24 h if untreated, early diagnosis and

immediate treatment are of utmost importance. If HACE is the likely
diagnosis, rapid passive descent (if possible) to the lowest possible alti-
tude is strongly recommended, administering oxygen (2–4 L/min; if
available) or using a hyperbaric bag (if available).

Dexamethasone represents the pharmacological treatment of choice.
Information on administration, doses, and potential side effects are
shown in Figs. 1.10,11,66

High altitude pulmonary edema

Epidemiology and diagnosis

HAPE rarely occurs at altitudes lower than 3,000m,41,79 but has been
reported at elevations as low as 1,400m in vacationing skiers in the
French Alps.80 In a prospective cohort study, including 1,326 individuals
ascending to about 4,000m, a HAPE incidence of 1.7% was recorded; in
comparison, the HACE incidence was 0.98% and that for severe AMS was
23.7%.25 The prevalence for HAPE may broadly vary depending, e.g., on
the acclimatization status and susceptibility of the individual, the speed
of ascent, and the absolute altitude reached. The HAPE incidence was
0.2% in people with unknown HAPE history when ascending within 4
days to 4,500m, but increased to 6% when reaching this altitude in only
1–2 days.66 Interestingly, high-altitude visitors suffering from HAPE are
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mostly young males, while reascent HAPE in high-altitude residents af-
fects both males and females.81 Remarkably, under rapid ascent condi-
tions, the risk of HAPE recurrence increases to 60% among individuals
with a HAPE history.82 In contrast to AMS, mortality of untreated HAPE
amounts to 50%.66

Initial symptoms include inappropriate dyspnea during exercise
associated with strikingly reduced exercise performance, followed by
orthopnea, drowsiness, cough and pink frothy sputum.66,83,84 Signs
comprise central cyanosis and low peripheral oxygen saturation, crack-
les/wheezing in at least one lung field, tachypnea and tachycardia.10,66,84

As these symptoms and signs are commonly accompanied by mild fever,
HAPE is often misdiagnosed as pneumonia. Hyperventilation syndrome
and pulmonary embolism may be considered as differential diag-
nosis.10,66 Due to the high risk of mortality, rapid diagnosis and appro-
priate treatment in the field (see below) is pivotal.
Pathophysiology

HAPE represents non-cardiogenic pulmonary edema provoked by
excessive hypoxic pulmonary vasoconstriction and exaggerated increase
in pulmonary-artery and capillary pressure.12,85 As a consequence of the
high pressure, a noninflammatory and hemorrhagic alveolar capillary
leak develops, which induces secondarily an inflammatory response.86

Although an unusually high pulmonary-artery pressure is a hallmark in
HAPE, an exaggerated hypoxic pulmonary vasoconstriction per se was
demonstrated not to be highly predictive for HAPE-susceptibility.87 Thus,
a presently not well-defined genetic predisposition may cause the
exceptionally high pulmonary vascular response to hypoxia in
HAPE-susceptible subjects,88,89 likely associated with insufficient syn-
thesis/bioavailability of nitric oxide, potentially related to high oxidative
stress levels.89 In addition, a defect of the transepithelial sodium trans-
port was demonstrated in HAPE-susceptible individuals, supporting the
view that the combination of a constitutive and an acquired defect in the
mechanism of sodium transport will facilitate HAPE development.90

Also, a large patent foramen ovale (PFO) in the heart has been suggested
as a contributing factor to HAPE by exaggerated arterial hypoxemia.91

However, the critical PO2 initiating hypoxic pulmonary vasoconstriction
primarily depends on the PAO2, with some contribution also from the
bronchial arterial PO2 and mixed venous PO2 in an additive manner.92,93

Last but not least, extreme cold and severe physical exertion may
represent predisposing factors.94,95



Fig. 3. Simplified treatment regimen for various high-altitude illnesses. HAH,
high-altitude headache; AMS, acute mountain sickness; HACE, high-altitude
cerebral edema; HAPE, high-altitude pulmonary edema; NSAIDs, non-steroidal
anti-inflammatory drugs, CPAP, continuous positive airway pressure.
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Treatment

Mortality is also high for HAPE (about 50%) without option for
descent or appropriate treatment.84 If HAPE is the likely diagnosis, rapid
passive descent (if possible) to the lowest possible altitude is strongly
recommended, administering oxygen (2–4 L/min via mask; if available)
or using a hyperbaric bag (if available).

Nifedipine represents the pharmacological treatment of choice. In-
formation on administration, doses, and potential side effects are shown
in Fig. 210,11,66,84 Potential benefits of phosphodiesterase inhibitors for
the treatment of high-altitude pulmonary edema are only provided by
anecdotal reports.66

A simplified overview on the treatment regimen of various high-
altitude illnesses is depicted in Fig. 3.

How to prevent high-altitude illnesses?

Physical preparation and medical pre-examination

It should be mentioned beforehand that individuals with pre-existing
cardiopulmonary diseases such as coronary heart disease, pulmonary
hypertension, chronic pulmonary disease or obstructive sleep apnea
should be assessed specifically by an expert before undergoing travel to
high altitude.

It is essential to prepare physically in order to optimize aerobic ca-
pacity and endurance performance in the setting of high-altitude travel/
climbing where maximum oxygen consumption ( _Vo2max) declines sub-
stantially due to the lower oxygen availability.96 For the majority visiting
high altitudes, specific exercise is also needed to achieve adaptation of
the musculoskeletal system especially when planning strenuous trekking
or mountaineering trip. Thus, the amount, intensity and type of physical
exercise depend on the kind of travel planned and the individual health
status and fitness level. Although preparation is crucial for success and
safety,97,98 especially at extreme altitude, evidence-based recommenda-
tions are scarce. Therefore, the following part is primarily based on
expert opinion.

In general, poly-sportive endurance training combined with core
strengthening is recommended. For the adaptation of the
Fig. 2. Medications for the prevention and treatme

63
musculoskeletal system, subjects should be used to hike for several hours.
Physical preparation should also include walking downhill since this is
associated with the highest power load for the lower limb muscles
(quadriceps muscle).99 It is often disregarded that most of high-altitude
mountaineers/trekkers will carry a backpack for several hours daily
and have to sleep in a tent or very basic accommodation. Those aspects
must also be considered in the preparation phase. It is a general rule, to
slowly approach high altitudes in terms of ascent duration and maximal
height reached.8,10 This rule is of utmost importance in older subjects
who (re-) start travelling to higher altitudes and in those with
pre-existing comorbidities, e.g., cardiovascular and/or metabolic dis-
eases.22,100,101 In practical terms, this means that for high altitude-naive
subjects, it is advisable to begin with journeys to 2,500–3,000m, and
then increase the maximal altitude destinations up to 4,000 to 5,500m
before travelling to and/or mountaineering at extreme altitudes (>5,
500m).
nt of high-altitude pulmonary edema (HAPE).
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Nowadays commercial travelling, trekking and expedition agencies
usually request a medical check-up before participation in high-altitude
sojourns. There is no clear evidence of which type and modality of pre-
examination are useful in terms of safety and success at high altitude.
Usually, a thorough medical history, including the risk for cardiovascular
events and thrombophilia is performed combined with vaccination
advice. We would like to emphasize the importance to obtain a detailed
travel history and history of previous high-altitude illness since this is one
of the most important predictors for future risk of developing high-
altitude illnesses.9,102 In addition, a resting electrocardiogramme (ECG)
is often performed, analogous to sports medical testing, although no data
support the usefulness of this examination when it comes to adverse
events during high altitude exposure. Of course, this is part of
pre-examinations in those suffering from cardiovascular diseases.101

Moreover, it is not advised to perform echocardiography assessing po-
tential structural abnormalities, specifically PFO (except in individuals
with susceptible to HAPE),91 or hypoxic challenge test to evaluate for the
extent of hypoxic pulmonary vasoconstriction in altitude-naïve subjects
or subjects with no clear history of high-altitude illness.

For mountaineers going to extreme altitudes above 7,000m,
comprehensive cardiopulmonary exercise testing is recommended during
the preparation phase as a general cardiopulmonary checkup and as a
basis to optimize training recommendation. The additional costs for such
tests are reasonable and negligible for the mountaineer considering the
usually high costs for high-altitude expeditions.
Acclimatization

Acclimatization refers to several adaptive processes in the body
including, e.g., increased ventilation with an immediate onset, metabolic
compensation of respiratory alkalosis and erythropoiesis with a slower
onset. Several publications have elaborately discussed this topic.8,13,66,
103 All acclimatization concepts described here reduce the risk of
developing AMS, HACE and HAPE by giving the necessary time for
multiple adaptations of the organ systems.104

The effectiveness of different strategies in the prevention of high-
Fig. 4. Example of a safe (traditional) ascent from 2,500 m to 6,121 m (Stok Kangri,
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altitude illnesses in a specific setting is not entirely clear, due to
several reasons. On the one hand, it is difficult to perform field studies in
a blinded and controlled fashion. On the other hand, strategies may be
carried out very variably, besides various confounding factors, the target
altitude, the ascent rate and route during the sojourn may vary even
more. A summary of the most important concepts is described below.

Complete acclimatization is believed to occur up to altitudes around
5,500m, though this threshold is likely variable depending on inter-
individual factors, susceptibility and external factors, e.g., latitude,
time of the year, and weather conditions).105 Above this altitude, dete-
rioration with catabolism and organ dysfunctions seem to limit complete
adaptation and permanent or long-lasting residence.106–108 It is to be
noted that the above-mentioned statements and limitations are not
intended to distract from the fact that acclimatization is the most
important determinant in the preparation and execution of a safe, suc-
cessful and joyful journey to high altitudes.

Slow ascent and staging
Slow and graded ascent is the most common strategy used to prevent

high altitude illness though only very few studies investigated the effect
of ascent rate on AMS in a controlled fashion.19 It is commonly rec-
ommended not to exceed an ascent rate of 500 m per day (altitude refers
to the sleeping altitude) at altitudes above 2,500m.10,66 Additional rest
days are scheduled in this strategy for every additional ascent of 1,
000–1,500m (example in Fig. 4). Richalet and colleagues have speci-
fied conditions for optimized acclimatization (including the
400m-rule) in their recently presented clinico-physiological score.109

Staging refers to the concept of staying several days at the moderate
altitude of 2,000–3,000m to allow for sufficient acclimatization,
enabling a more rapid ascent afterwards.17 Considering the
above-mentioned ascending rates and intermittent rest days, slow ascent
can be seen as a form of staging. Both types have been traditionally used
in high-altitude mountaineering and trekking and are efficient in
reducing the risk of AMS and might even improve exercise perfor-
mance.17,110 However, these acclimatization rules are often violated
because they are time-consuming and often incompatible with most
Ladakh). 300–500 m per day and one rest day for every 1,000 m gain in altitude.
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current travel practices or the implementation is not possible due to the
given environment.

Pre-acclimatization
Sufficient acclimatization is sometimes hampered due to rapid pas-

sive ascents to high-altitude locations by airplane, helicopter, car or cable
car, but also due to the necessity to reach a high-altitude camp or hut
without the opportunity to have an additional overnight stay. On the
other hand, proper acclimatization may be limited simply because of
time restrictions. Whereas short-term sojourns to high altitude, i.e.,
1–3 h, are usually well-tolerated, longer stays are associated with an
increased risk to develop AMS and reduced exercise tolerance. In such
cases, the use of appropriate pre-acclimatization strategies, and in certain
cases also pharmacological support (see below) may be considered.

Pre-acclimatization strategies, independent of whether performed in
a natural or artificial environment, aim to induce ventilatory, metabolic,
hematological, neurophysiological, and hormonal changes needed for an
adequate adaptation to high altitude before the actual sojourn.15,111–114

Short-term stay at moderate altitude before the planned trip is a natural
form of pre-acclimatization, which is probably as effective as a slow
ascent.115 In this study from Schneider and colleagues a lower prevalence
of AMS was found in subjects exposed to 4,559m at the Capanna Mar-
gherita who spent more time above 3,000m than the other subjects.
According to the authors, �5 days of pre-exposure above 3,000m are
efficient in reducing the risk of developing AMS, with an odds ratio of 3.2
for AMS in subjects without the corresponding pre-exposition.115

Although this is still not fully elucidated, it is supposed that a
pre-exposure as close as possible to the high-altitude journey is favorable,
however, a time gap until two months was shown to be effective.

A recent opinion position by members of the Union Internationale des
Associations d'Alpinisme Medical Commission (UIAA MedCom) suggests
that exposures to intermittent normobaric hypoxia prior to high-altitude
climbing may reduce AMS symptoms and enhance the chance to succeed
in high-altitude expeditions.116 However, the authors also referred to the
lack of robust evidence for those effects and the necessity to pay partic-
ular attention to safety issues.

The application of normobaric hypoxia for potential pre-
acclimatization, even with the use of a mobile device (altitude-condi-
tioning apparatus), has already been evaluated more than 3 decades
ago.117 Although these authors did not report significant effects on AMS
development between the experimental and the control group, based on
effect size calculation, there was a beneficial effect of
pre-acclimatization by repeated normobaric hypoxia exposures (AMS-C
1.60 vs. 2.61 in controls, ES 0.7).117 Subsequently, several experiments
were performed in order to evaluate the effectiveness of normobaric
and hypobaric hypoxia exposures on the prevention of AMS and exer-
cise reduction.118–124 Unfortunately, large variations in the hypoxia
levels, exposure durations, and differences between the simulated
altitude of pre-acclimatization and the following prolonged altitude
exposure for determination of AMS development hinder the evaluation
of efficacy. Although the findings are controversial, most studies indi-
cate some beneficial consequences on AMS development and exercise
performance and importantly, no adverse events associated with
pre-acclimatization. It may be carefully concluded that longer periods
of pre-acclimatization are more effective.16 This is confirmed from
observations of prolonged (up to 6 weeks) and progressive (2,000 to
about 5,500 m simulated altitude) hypoxia exposures in individuals
before climbing Mount Everest rapidly (within 3 weeks using bottled
oxygen) (Everest Flash, commercial offer). Of course, comprehensive
future studies are needed to evaluate individual responses to various
pre-acclimatization strategies including effects of age, sex, exercise,
diet, and sleep.

Pharmacological support
Knowledge on the preventive effects of drugs may help to better

understand physiological mechanisms of the acclimatization process. The
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use of drugs to speed up acclimatization allowing a more rapid ascent
cannot be generally recommended but may represent an option for in-
dividuals susceptible to rather severe high-altitude illness, and/or in
cases where a rapid ascent is unavoidable, e.g., in rescue operations, high
airport destinations, etc. Information on the administration and doses of
medications for the prevention of high-altitude illnesses are given in
Figs. 1 and 2.

Acetazolamide
Acetazolamide belongs to the group of sulfonamides and inhibits

carbonic anhydrase, which leads to a reduction in renal bicarbonate
reabsorption. Increased diuresis of bicarbonate compensates for respi-
ratory alkalosis at altitude and shifts towards metabolic acidosis. This in
turn optimizes respiratory drive and adaptation to high altitude. Several
randomized trials and reviews showed acetazolamide to be effective in
reducing the risk of developing AMS in subjects with a known history of
AMS and rapid ascent to altitudes above 2,500 m.125–131 It is recom-
mended to apply a lower dose treatment regimen with 125mg acet-
azolamide orally twice a day.126,132,133 Practically, prophylaxis should be
initiated 8–24 h before ascent and continued for 48 h up to the highest
altitude reached,134 but administering acetazolamide on the day of
ascent was shown to be similarly effective.135 If staging is used as the
primary acclimatization strategy acetazolamide could safely be used in
an on-and-off strategy, taking the before mentioned rules into account.

In addition, acetazolamide is efficient in ameliorating altitude-related
sleep disorders, mainly excessive periodic breathing.136 By improving
sleep quality acetazolamide also optimizes adaptation to hypobaric
hypoxia.

The main side effect arises from the increased diuresis, however,
dizziness, lightheadedness, nausea, vomiting, diarrhea, change in taste
particularly for carbonated drinks, kidney stones, and myopia have been
reported. By using the low dosage regimen some of these adverse events
can be minimized. Caution must be taken in subjects with known or
suspected sulfonamide intolerance. When pharmacological prophylaxis
is needed, acetazolamide is the first choice. Recent studies suggest that
methazolamide may represent an alternative for acetazolamide when
taken for the prevention and treatment of high-altitude illnesses, maybe
even associated with fewer side effects.137 However, more large-scale
studies are needed. Finally, non-steroidal anti-inflammatory drugs like
ibuprofen may represent an alternative or an add on to acetazolamide for
AMS prevention.138

Dexamethasone
Dexamethasone is an efficient drug in preventing severe AMS, HACE,

and HAPE.8,11,104,125,139 With regard to HACE, concerns have been raised
whether dexamethasone treatment of severe and life-threatening HACE
is still effective with preexisting dexamethasone prophylaxis and there-
fore represents a second-line strategy. In our opinion, dexamethasone
should only be prescribed for prophylaxis by an experienced
high-altitude and expedition doctor after having thoroughly considered
and optimized all other factors, e.g., when acetazolamide is contra-
indicated due to sulfonamide allergy or the previous experience of
adverse effects and an appropriate ascent protocol is not feasible.

Calcium antagonists and phosphodiesterase inhibitors
Nifedipine is the most investigated calcium antagonist in subjects

susceptible to HAPE. Nifedipine 30mg orally every 12 h is used for both
treatment and prophylaxis6,10 (Fig. 2).

Phosphodieseterase-5 (PDE5) inhibitors are used in subjects with
pulmonary arterial hypertension and are a reasonable option for pre-
venting and treating HAPE. Maggiorini et al. could show that twice-daily
ingestion of tadalafil 10mg prevented HAPE in susceptible subjects.139

Although only tadalafil has been investigated in this setting, it may be
assumed that sildenafil is similarly effective. A combined therapy or
prophylaxis of nifedipine and PDE5-inhibitor should be avoided due to
possibly severe hypotension. The limitation of PDE5-inhibitor in
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prophylaxis is the side effect profile with frequently occurring headache
(Fig. 2).

Oxygen
Supplementation of oxygen via nasal cannula or mask is a safe and

effective option in the prevention of high-altitude illness. Usually, low-
flow oxygen with 1–2 L/min is applied during sleep, although higher
flow rates and permanent supplementations are used in commercial ex-
peditions, e.g., to Mt. Everest (Everest Flash) as well. This prophylactic
strategy is mainly limited due to logistical restraints and high costs.

Salmeterol
Beta-adrenergic agonist salmeterol 125 μg inhaled twice daily was

associated with a significant reduction of HAPE incidence in susceptible
subjects in one study140 (Table 2). One mechanism of action involved is
probably the improved alveolar fluid clearance due to stimulated trans-
epithelial sodium transport.140,141 Since this therapy is less effective than
calcium antagonists and PDE5-inhibitors, salmeterol is regarded as an
add-on only.

Ginkgo biloba
This herbal supplement has also been investigated for prophylaxis of

AMS with conflicting results.103,142,143 Two placebo-controlled trials
could not show any beneficial effect of ginkgo biloba in reducing the
incidence of AMS.144,145 Thus, current knowledge does not support the
recommendation of this supplement for effective AMS prevention.

Conclusions

Although knowledge on the physiology of acclimatization to high
altitude and the pathophysiology of high-altitude illnesses, and on
effective prevention and treatment strategies has considerably increased
during the past decades, there are still outstanding issues and challenges
to be met by future research. For example, modern pre-acclimatization
strategies using normobaric hypoxia chambers/tents before rapidly
ascending to extreme altitudes represent such challenges. Nonetheless,
considering the “old” rule of slow ascent to allow appropriate acclima-
tization, “listening” to the individual physiological responses during the
ascent, and knowledge on adequate treatment in the case of disease
development remain the mainstays for safe and enjoyable high-altitude
sojourns.
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