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Abstract

High-altitude cerebral oedema is one of the three forms of altitude sickness and is considered one of its most serious
complications. Its incidence is relatively low, but its rapid progression and worsening symptoms make it a life-threat-
ening condition that requires immediate medical attention. The growing popularity of high-altitude tourism means
that knowledge about altitude sickness and high-altitude cerebral oedema should be promoted not only among med-
ical professionals but also among ordinary tourists planning high-mountain expeditions. The following paper, which is
a narrative review describing high-altitude cerebral oedema, discusses the key pathogenetic elements of this condi-
tion, including molecular mechanisms resulting from exposure to hypobaric hypoxia, blood-brain barrier dysfunction,
increased vascular permeability, and the development of both vasogenic and cytotoxic oedema. Epidemiological data
and risk factors are presented, followed by the spectrum of clinical manifestations, ranging from non-specific, mild
symptoms that may coexist with an episode of acute mountain sickness to ataxia, impaired consciousness, and other
severe neurological signs. The paper addresses diagnostic issues, with particular emphasis on the usefulness of im-
aging tests, specifically magnetic resonance imaging, in the process of confirming the diagnosis. Finally, the role of
rapid implementation of appropriate therapy, consistent with current medical knowledge and consisting of altitude
reduction, oxygen therapy, administration of steroids, and, in difficult conditions, the use of a portable hyperbaric
chamber, is emphasised. High-altitude cerebral oedema remains a challenge that should always be managed by an
interdisciplinary team; however, further research is needed to deepen our understanding of the pathophysiology,
diagnosis, and treatment of this condition.

Streszczenie

Wysokosciowy obrzek mézgu stanowi jedng z trzech form choroby wysoko$ciowej i jest uwazany za jedno z jej naj-
powazniejszych powiktan. Czesto$¢ jego wystepowania jest stosunkowo niska, ale szybka progresja i narastanie ob-
jawow sprawiaja, ze jest to stan zagrazajacy zyciu, wymagajacy natychmiastowej pomocy medycznej. Ze wzgledu na
rosnaca popularnosc turystyki wysokogorskiej, wiedza na temat choroby wysokosciowej i wysokos$ciowego obrzeku
mdzgu powinna by¢ propagowana zaréwno wsréd oséb zwigzanych z medycyna, jak i wsréd turystéw planujacych
wysokogorskie ekspedycje. W niniejszym przegladzie narracyjnym omoéwiono kluczowe elementy patogenezy wy-
sokosciowego obrzeku moézgu, w tym mechanizmy molekularne wynikajagce z przebywania w warunkach hipoksji
hipobarycznej, dysfunkcji bariery krew-mézg, zwiekszonej przepuszczalnosci naczyh krwionosnych oraz powsta-
wania obrzeku naczyniowego i cytotoksycznego. Przedstawiono dane epidemiologiczne wraz z czynnikami ryzyka,
a nastepnie spektrum objawow klinicznych, od niespecyficznych, tagodnych, ktére moga wspotistnie¢ z epizodem
ostrej choroby wysokogorskiej, po ataksje, zaburzenia $wiadomosci i inne ciezkie objawy neurologiczne. Omdéwiono
réwniez zagadnienia diagnostyczne, ze szczegélnym uwzglednieniem przydatnosci badan obrazowych, zwtaszcza
rezonansu magnetycznego, w procesie potwierdzania rozpoznania. Na koniec podkreslono role szybkiego wdrozenia
odpowiedniej terapii, zgodnej z aktualng wiedza medyczng i obejmujacej obnizenie wysokosci, tlenoterapie, poda-
wanie glikokortykosteroidéw, a w trudnych warunkach - zastosowanie przeno$nej komory hiperbarycznej. Wyso-
kosciowy obrzek moézgu pozostaje istotnym wyzwaniem kliniczym, ktérym zawsze powinien zajmowac sie zespot
interdyscyplinarny, ale do lepszego poznania jego patofizjologii, diagnostyki i leczenia konieczne sa dalsze badania
nad tajemnicami, ktére skrywa przed nami ta jednostka chorobowa.
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Introduction

For hundreds of years, mountains have been a fascinating
and intriguing object of human endeavour. These beau-
tiful, expansive landscapes offer space for recreation,
rest, and the restoration of well-being. With technologi-
cal advances, they are becoming increasingly accessible,
and what was once the domain of pioneers who made
headlines after each expedition is now completely dif-
ferent. For many tourists, crossing the barrier of 4,000 or
5,000 metres above sea level is no longer an extraordi-
nary challenge. This fact should inspire humility towards
the mountains, given the physiological consequences they
may impose. We must remember that the breathtaking
views from high peaks can, under conditions of hypobaric
hypoxia, pose a serious and sometimes even fatal threat.

The most common form of altitude illness, typically as-
sociated with milder symptoms, is acute mountain sick-
ness (AMS). This syndrome occurs in climbers at alti-
tudes above 2,500 metres above sea level, especially
those who ascend too quickly and without proper ac-
climatisation [1]. Symptoms develop within 6-12 hours
and, according to the literature, most commonly include
headaches (70-80% of patients), nausea, vomiting (30-
50%), insomnia (30-50%), dizziness (50-60%), fatigue
(40-60%), and loss of appetite (20-40%) [2]. In the vast
majority of cases, mild symptoms resolve spontaneously
with acclimatisation or descent. However, if symptoms
are ignored and climbing is continued, severe organ com-
plications may develop, including the other two forms of
high-altitude sickness: high-altitude pulmonary oedema
(HAPE) and high-altitude cerebral oedema (HACE) [3].

This work is a narrative review based on current scien-
tific publications indexed in the PubMed, Scopus, and
Web of Science databases. The study includes sources of
varying scientific credibility - primarily current guidelines
and expert consensus, followed by larger case series, and
finally review papers on the pathogenesis, diagnosis and
treatment of HACE.

Epidemiology and risk factors

As noted in the introduction, HACE is one of the most
dangerous and potentially fatal complications of expo-
sure to a low partial pressure of oxygen. Researchers
estimate that the incidence of HACE among individu-
als travelling above 4,000 metres above sea level ranges
from 0.5 to 1% [4]. It should be emphasised that a de-
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finitive epidemiological estimate is extremely difficult to
obtain, and the literature reports a wide range of values.
Studies indicate that differences in incidence may be re-
lated to genetic adaptation to hypoxia and more efficient
oxygen transport mechanisms [5]. In addition to distin-
guishing between permanent high-altitude residents and
visiting climbers, it is necessary to consider risk factors
that help estimate the probability of developing HACE.

Risk factors:

B Climbing speed and acclimatisation - the literature
cites fast climbing speed and lack of adequate acclima-
tisation time as the main risk factors for HACE [6, 7].

B Age and gender - researchers do not list these fac-
tors as significant, although some studies indicate
that younger men, who may be more likely to ignore
early warning signs, i.e., the initial symptoms of AMS,
could have a higher incidence of HACE [8].

B Co-existence of HAPE - data show that up to 50%
of patients who develop high-altitude pulmonary
oedema also develop HACE [6].

B Cardiovascular, respiratory, and neurological dis-
eases - conditions such as congenital heart defects,
upper respiratory tract infections, and Parkinson’s
disease, have been identified as risk factors [9, 10].

B Chronic fatigue and significant exertion at high alti-
tudes - these may contribute to the development of
HACE [11].

Bl Migraine - the occurrence of migraines has been
identified in the literature as a risk factor for altitude
sickness and, indirectly, for HACE [12].

In light of these findings, HACE remains one of the rarest
complications within the spectrum of altitude sickness
from an epidemiological point of view, although this fact
should not lead to underestimation of the risks associ-
ated with the development of this disease.

Notably, HACE does not occur during aircraft cabin de-
pressurisation, as such events involve only short-term
hypoxia, even if the equivalent altitude may transiently
reach 4,000-7,000 metres. The brief duration of expo-
sure is insufficient to disrupt the blood-brain barrier or
trigger the vasogenic cerebral oedema characteristic of
HACE. Instead, any neurological disturbances that may
appear are more likely related to hypocapnic cerebral
vasoconstriction or decompression sickness rather than
to high-altitude cerebral oedema [13, 14]. Therefore,
the next part of the article addresses the pathogenesis,
symptoms, diagnosis, and treatment of HACE.
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Pathogenesis

Before discussing the molecular and morphological

changes that lead to HACE, it is necessary to understand

how oxygen conditions change with increasing altitude:

W 1,500-3,500 metres above sea level - a slight de-
crease in oxygen saturation (SaO,) and a decrease
in partial oxygen pressure (PaO,) to approximately
55-75 mmHg.

B 3,500-5,500 metres above sea level - a further de-
crease in Sa0, to 75% and a decrease in PaO, to
40-60 mmHg.

W 5,500-8,850 metres above sea level - extreme al-
titudes, with the “death zone” above 8,000 metres.
Saturation then drops to as low as 58%, and PaO,
can fall to about 30 mmHg [15].

These values demonstrate how profoundly the condi-
tions at high altitudes differ from those known from ev-
eryday life - at an altitude at or near sea level. High alti-
tude exposes the human body to conditions of hypobaric
hypoxia, which in turn, through damage to the blood-
brain barrier, vasogenic and cytotoxic oedema, forms the
basis for the development of HACE.

Thanks to experimental research conducted in recent

years, including studies using animal models, several

facts regarding the pathogenesis of HACE have been es-
tablished:

B Hypoxic hypoxia induces the formation of Caveo-
lin-1 in the endothelium of cerebral vessels, regu-
lated by nuclear respiratory factor-1. This process
promotes degradation of proteins such as Claudin-5,
which damages endothelial junctions and increases
the permeability of the blood-brain barrier [16, 17].

B Hypoxia activates HIF-1a pathways, which affects
the synthesis of vascular endothelial growth factor
(VEGF). VEGF increases vascular permeability by in-
terfering with the distribution and expression of pro-
teins that form tight junctions, such as occludin and
Claudin-5. VEGF may also stimulate the synthesis of
metalloproteinases, which further exacerbates dam-
age to the blood-brain barrier [16, 18, 19].

B Blood-brain barrier damage may also result from in-
creased expression of pro-inflammatory cytokines
such as TNF-a and IL-1pB. By acting through path-
ways such as MAPK, p38, and NF-kB, these cyto-
kines reorganise intercellular junctions, increasing
barrier permeability [4, 13, 20].

WM Under conditions of hypoxia, free radicals are
formed, which, as studies have shown, damage Na+/
K+ ATPase ion pumps. Water and sodium accumu-
late intracellularly, causing oedema of neurons and
astrocytes, followed by cytotoxic oedema, accom-
panying vasogenic oedema and deepening brain
damage [4, 21, 22].

B Individual factors such as skull anatomy, subarach-
noid space capacity, compensatory abilities of the
circulatory and nervous systems, and adaptation to
hypoxic conditions may influence how quickly and to
what degree the above mechanisms cause clinically
significant brain oedema [16, 21, 23, 24] (Fig. 1).

All the complexities of the processes described above
contribute to a cascade of events which, if not interrupt-
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ed, cause rapid deterioration of the patient’s condition,
putting them in a life-threatening situation. Despite clear
progress in understanding what HACE actually is, many
pieces of the puzzle remain unknown, which only em-
phasises the need for further clinical and experimental
research.

Symptoms

Due to its clinical presentation, HACE is a rather hetero-
geneous set of symptoms that usually develop within
24-48 hours after reaching an altitude of over 4,000 me-
ters above sea level [4].

The first phase consists of symptoms that can be clas-
sified as AMS, namely nausea, headache, dizziness, and
general weakness. According to the Lake Louise criteria,
AMS is diagnosed when the total score reaches three or
more points, including at least one point for headache,
following recent ascent to high altitude [1, 25] (Tab. 1).

An important moment in the evolution of the disease,
when the differential diagnosis should shift towards
HACE, is the onset of neurological symptoms. These may
manifest gradually or progress rapidly, leading to a life-
threatening condition. This is often described as enceph-
alopathy, including ataxia and mental status changes
such as increasing somnolence and confusion [1, 26].

Knowledge of the course of this clinical phase should
immediately prompt the climber to stop ascending and
begin descent, as the further presentation of the disease
may become dramatic. Some patients experience loss
of consciousness, coma, and seizures [27]. Noteworthy
here is the case of a 23-year-old climber who devel-
oped a seizure and coma the day after experiencing mild
symptoms of AMS. This case also demonstrates the po-
tential reversibility of HACE: with appropriate diagnosis,
including MR imaging and hyperbaric treatment, the man
regained mobility and the seizures did not return [28].

Table 1. The Lake Louise Acute Mountain Sickness Score

Headache 2 - Moderate

3 - Severe, incapacitating

0 - No symptoms

1 - Poor appetite/nausea

2 - Moderate nausea/vomiting

3 - Severe nausea/vomiting,
incapacitating

0 - Not tired or weak

1 - Mild fatigue/weakness

2 - Moderate fatigue/weakness

3 - Severe fatigue/weakness,
incapacitating

0 - No symptoms

1 - Mild dizziness

2 - Moderate dizziness

3 - Severe dizziness, incapacitating

Gastrointestinal
symptoms

Fatigue
and/or weakness

Dizziness/
light-headedness

Stage of the disease:

1. Mild AMS: 3 to 5 points

2. Moderate AMS: 6 to 9 points
3. Severe AMS: 10 to 12 points
AMS - acute mountain sickness
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Figure 1. Pathogenesis of high-altitude cerebral oedema (HACE). NRF1 - nuclear respiratory factor 1; VEGF - vascular endothelial
growth factor; NF-kB - nuclear factor kappa B; MAPK - mitogen-activated protein kinases; IL-1B - interleukin 1B; TNF-a - tumo-

ur necrosis factor a

Descriptions in the literature also include patients pre-
senting symptoms atypical for HACE, such as the case of
a 62-year-old patient who, while climbing and ascending
to an altitude of about 3,500 metres above sea level, de-
veloped hiccups followed by slurred speech, headache,
and nausea. After being transported to hospital, HACE
was confirmed [29].

Other reviews have described symptoms such as diplo-
pia, which, as shown during examination, was due to pa-
ralysis of cranial nerve VI (abducens nerve) and transient
paresis of the left upper and lower limbs. The common
denominator in both cases was the resolution of symp-
toms after descent to a lower altitude [30] (Tab. 2).

Diagnostics

The diagnostic process for high-altitude cerebral oedema
is based on three pillars: the patient’s clinical presenta-
tion, a well-collected medical history, and imaging tests
(MRI/CT). The aim is to determine whether the presen-
tation is truly consistent with HACE or with another dis-
ease producing similar symptoms. The literature states
that the following conditions should be considered in the
differential diagnosis:

B hypoglycaemia

B hypothermia

B hyponatraemia

B drug/alcohol intoxication

carbon monoxide poisoning

ketoacidosis

cerebrovascular diseases: haemorrhage, stenosis
meningitis

epilepsy

psychosis

central nervous system tumours [4, 21].

Table 2. Symptoms of high altitude cerebral oedema (HACE)
depending on disease phase

Phase of the disease | Symptoms

e Nausea

e Vomiting

e Headache

e Dizziness

o Weakness/fatigue

e Ataxia

e Somnolence

e Confusion

e Behavioural changes

e Loss of consciousness
e Seizures
e Coma

e Diplopia - VI cranial nerve palsy
e Hiccups

e Slurred speech

e Transient hemiplegia

Prodromal phase/
co-occurrence of acute
mountain sickness

Early HACE

Late HACE

Atypical symptoms
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Table 3. Findings observed depending on the selected imaging method

Diffuse cerebral oedema
Head CT without
contrast

Blurring of sulci [26, 33]

Decreased density of white matter, especially in the corpus callosum region
Compression of the lateral and third ventricles

Hypointense signal in the T1 sequence
Hyperintense signal in the T2 sequence

Magnetic
resonance
imaging of
the head

subcortically
e Decreased ADC value

e Hyperintense signal in the FLAIR and DWI sequences involving the corpus callosum, particularly
the splenium, corona radiata, centrum semiovale, and parts of the internal capsule
e SWI sequence may reveal microhaemorrhages, most often located in the corpus callosum and

e Indirect signs: narrowing, atrophy of the cerebral ventricles [26, 33-36]

While still in the field, diagnostic possibilities are limited,
so attention should be focused on a thorough medical
history, which includes questions about the pace and
maximum altitude of ascent, chronic diseases, medica-
tions or stimulants used, previous episodes of altitude
sickness, and the timing and sequence of symptoms [31].
Researchers also note that simple neurological tests as-
sessing coordination or ataxia are extremely useful for
evaluating AMS or HACE in mountain conditions: the
straight-line walk test [27], the heel-knee test, and the
finger-nose test [11].

After hospital admission, specific laboratory tests are
performed, although in HACE the most important inves-
tigations are imaging tests. So far, no specific laboratory
markers for high-altitude cerebral oedema have been
identified. Some specialists cite leukocytosis as the only
notable change in the patient’s results, but this remains
controversial, as such an increase may have completely
different causes than cerebral oedema itself [4]. Labo-
ratory tests are performed to rule out other causes of
the patient’s condition and include blood glucose lev-
els, electrolytes, toxicology tests, and blood gas analy-
sis [4, 6, 32]. Magnetic resonance imaging or computed
tomography plays a significant role in diagnosis. CT is
considered less valuable due to its reduced sensitivity
in detecting mild forms of HACE, which may result in
diagnostic errors [3, 26] (Tab. 3).

Treatment

The next step in managing HACE is the rapid initiation
of treatment, the first stage of which is descending to
a lower altitude, which will reduce hypoxia and stop
the progression of cerebral oedema. During descent,
physical exertion should be minimised as far as possible,
as it may worsen the patient’s prognosis [37, 38]. If im-
mediate evacuation is not possible, guidelines and stud-
ies indicate the need for oxygen therapy (maintaining
saturation at >90%) and consideration of a portable hy-
perbaric chamber (Gamow bag), which simulates descent
to a lower altitude. These methods are effective, but not
as effective as full evacuation [39, 40].

Another crucial aspect of treatment is the administra-
tion of glucocorticosteroids, specifically dexamethasone.
Studies have shown that adult patients should be given
an initial dose of 8 mg of dexamethasone, followed by 4
mg every 6 hours, administered orally, intravenously, or
intramuscularly, depending on the patient’s condition and
capabilities. The steroid dosage for paediatric patients is
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0.15 mg/kg of body weight every 6 hours. The molecular
mechanisms of dexamethasone, based on cell membrane
stabilisation, inhibition of angiogenesis, and modulation
of nitric oxide synthase production, help reduce endothe-
lial damage resulting from hypoxia [4, 15].

Acetazolamide, a carbonic anhydrase inhibitor, is not
included in the standard treatment regimen for HACE,
although it is used in the prevention of altitude sickness
and in the management of mild forms of AMS. The effec-
tiveness of acetazolamide in the treatment of HACE has
been demonstrated occasionally, using a dose of 250 mg
administered orally twice a day. Its mechanism of action
is based on effects on the proximal renal tubules, induc-
ing metabolic acidosis and stimulating ventilation [4, 41].

Researchers have repeatedly emphasised the importance
of prevention; however, once cerebral oedema develops,
all rescue efforts should be focused on the rapid imple-
mentation of the above-described measures, as without
them, most patients die within 24 hours. Treatment and
appropriate rehabilitation, lasting several days or weeks,
significantly increase the chances of survival, reversal of
cerebral oedema, and prevention of permanent neuro-
logical deficits.

Summary

HACE is one of the most dangerous complications re-
sulting from exposure to high altitudes. It occurs rela-
tively rarely, but its sudden and rapid progression makes
it a life-threatening condition that requires immedi-
ate medical attention. The pathomechanisms underly-
ing HACE, although not yet fully understood, are quite
complex and involve a number of biochemical and mo-
lecular processes, including damage to the blood-brain
barrier and the development of vasogenic and cytotoxic
oedema.

Individual and environmental factors, such as the rate of
acclimatisation, underlying disease burden, and previ-
ous episodes of altitude illness, should also be taken into
account.

The clinical picture may vary from case to case, but typi-
cally begins with non-specific, mild symptoms that can
quickly evolve into severe neurological disturbances.
It is this ambiguity and the dynamic nature of the pa-
tient’s condition that make proper diagnosis, recogni-
tion, and treatment crucial for determining prognosis.
The aforementioned treatment, based mainly on alti-
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tude reduction, oxygen therapy, and the administration
of dexamethasone in appropriate doses, if implemented
promptly, can lead in many cases to complete resolution
of symptoms and full recovery.

In summary, high-altitude cerebral oedema remains an
interdisciplinary challenge, drawing on knowledge from
the fields of neurology, emergency medicine, extreme
and travel medicine. Preventive actions, education, and
further scientific research into the pathophysiology of
the disease are key to improving diagnosis and treat-
ment, and giving patients hope for a full recovery.
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