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Key points

� Hypobaric hypoxia is the primary trigger for alti-

tude acclimatisation and high-altitude illnesses.

� Hypobaric hypoxia at extreme altitudes is asso-

ciated with substantial reductions in arterial ox-

ygen saturation, maximal oxygen uptake and

maximal aerobic capacity.

� Acclimatisation improves hypoxaemia; meta-

bolic compensation of respiratory alkalosis con-

tributes to preserving respiratory drive.

� Gradual ascent to high altitudes is the key to

preventing high-altitude illness.

� High-altitude cerebral and pulmonary oedema

are life-threatening conditions that mandate im-

mediate descent and pharmacological treatment.
Learning objectives:
By reading this article, you should be able to:

� Describe the normal physiological mechanism of

human adaption to hypobaric hypoxia at high

altitudes.

� Name the most relevant measures to prevent

high-altitude illnesses.

� Discuss the symptoms and clinical signs of high-

altitude cerebral and pulmonary oedema and be

able to plan appropriate treatment.

Mountaineering activities at extreme altitudes are increas-

ingly popular and a growing number of mountaineers seek

summits of peaks higher than 5000 m. The Himalayan Data-

base, which documents known attempts on peaks higher than

5000 m, reported 13,975 ascents for the period of 2015e2019 in

Nepal, up from 8039 from 20 yrs prior.1

Barometric pressure and oxygen partial pressure (PO2)

decrease roughly linearly with increasing altitude but also

with lower temperature. Oxygen partial pressure decreases to

50% of the sea level value at 5500 m and to 30% of the sea level

value at 8849m, the summit altitude of Mount Everest.

Oxygen partial pressure is not a limiting factor for oxygen

delivery at sea level. However, with increasing altitude the

reduction in inspired PO2 reduces the driving pressure for gas
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exchange inthe lungs resulting inprogressivehypoxaemia.This

formofhypoxia is termedhypobarichypoxia,and it representsa

statewereambientPO2becomes thedominant limiting factor for

oxygen delivery to the tissues andmitochondria.2

Hypobaric hypoxia triggers multiple acclimatisation pro-

cesses. Hypoxia is the cause of all high-altitude illnesses

(HAIs).3,4 Climbing at extreme altitudes is associated with a

substantial risk of mortality. In one study of climbers

attempting Mount Everest, the mortality rate among moun-

taineers above base camp was 1.3%, but was 3.4% in climbers

who reached the summit.5
High-altitude acclimatisation

Acclimatisation refers to the normal compensatory responses

to acute hypobaric hypoxia and consists of a complex series of

physiologic adaptations involving multiple organ systems.

Acclimatisation begins within minutes of reaching a new

altitude and reaches a steady state after several weeks.

Acclimatisation improves but does not normalise
rved.
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Extreme altitudes
hypoxaemia. Complete adaptation is not possible at altitudes

above 5500 m. Past acclimatisation (e.g. previous expeditions)

does not shorten or enhance subsequent acclimatisation pe-

riods. Acclimatisation is lost several weeks after descending

from high altitude.

Acclimatisation involves two main processes. Firstly,

hypoxaemia improves because of increased alveolar ventila-

tion, which increases the efficiency with which oxygenmoves

down the oxygen cascade from inspired gas to the mito-

chondria. However, increased alveolar ventilation results in

respiratory alkalosis. Hence, secondary processes occur to

normalise acidebase homeostasis.6
Ventilatory response and renal compensation

Within minutes of reaching an increased altitude and as a

result of the concomitant decrease in arterial oxygen satura-

tion (SaO2), hypoxic stimulation of chemoreceptors in the ca-

rotid and aortic bodies triggers an increase in minute

ventilation. The extent of ventilatory increase is determined

by the magnitude of the hypoxic ventilatory response (HVR).

Hypoxic ventilatory response varies between individuals and

is genetically determined. As alveolar ventilation increases,

alveolar carbon dioxide tension (PACO2) decreases. It is

important to appreciate that for the same ambient PO2, a lower

alveolar PACO2 is associated with a higher alveolar PAO2,

resulting in a higher arterial oxygen tension (PaO2). The

decrease in alveolar PACO2 leads to a decrease in arterial PaCO2

and an increase in arterial pH (respiratory alkalosis). The

central chemoreceptors in the cerebral medulla respond to

alkalaemia by inhibiting ventilation, thereby limiting the full

HVR.

Within the renal tubular cells, carbonic anhydrase cataly-

ses the interconversion of CO2 and H2O with H2CO3, which

then dissociates into HCO3
� and Hþ. Respiratory alkalosis in-

hibits carbonic anhydrase activity and leads to a reduction of

Hþ secretion and increased HCO3
� excretion by the kidneys,

resulting in a reduced plasma HCO3
� concentration and

decreased arterial pH. The (partial) correction of alkalaemia

reduces the inhibition of the respiratory drive, allowing

further hypoxia-induced increases in minute ventilation to

occur. Renal compensation of respiratory alkalosis occurs af-

ter several days at the same altitude, which is when minute

ventilation reaches a maximum.

It is hypothesised that a pronounced HVR is advantageous

in accelerating acclimatisation, decreasing the risk of HAI and

improving oxygenation and physical performance. However,

this has not been consistently demonstrated in high-altitude

climbers. Uncertainty regarding the benefits of a pronounced

HVR might be explained by the fact that HVR only determines

the magnitude of ventilatory response to acute hypoxaemia,

which is only one of the factors contributing to the complex

mechanisms of ventilatory acclimatisation at high altitudes.

At extreme altitudes (above 5500 m), acclimatisation only

improves hypoxaemia to a very limited extent and full

compensation of alkalaemia does not occur. Climbers remain

in a state of profound hypoxaemia and have severe acidebase

imbalance (Fig. 1).
Circulatory adaptations

Acute exposure to hypobaric hypoxia leads to increased ac-

tivity of the sympathetic nervous system, resulting in tachy-

cardia, increased cardiac output and hypertension. Increased
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cardiac output helps maintain tissue oxygen delivery despite

a decrease in SaO2. However, an increase in cardiac output

may be attenuated by hypovolaemia, which can develop

because of increased respiratory water loss associated with

hyperventilation and increased renal fluid losses associated

with renal compensation of alkalaemia. Hypovolaemia is

more likely if climbers do not offset losses by increasing their

intake of fluids. At moderate altitudes, systemic circulatory

values return to baseline with progressive acclimatisation,

whereas at extreme altitudes, the increased HR, cardiac

output and arterial BP persist.

Pulmonary arteriolar smooth muscle cells respond to

hypoxia by contracting, a process termed hypoxic pulmonary

vasoconstriction (HPV). Hypoxic pulmonary vasocon

striction is an important mechanism for minimising

ventilationeperfusion mismatchingdand, therefore, for

maintaining arterial oxygenationdin the context of regional

abnormalities in ventilation. However, hypobaric hypoxia

causes a marked increase in resistance across the whole

pulmonary vascular bed, leading to increased pulmonary ar-

tery pressure. As with HVR, the magnitude of HPV is geneti-

cally determined and differs between individuals.

Hypobaric hypoxia and hypocapnia have opposing effects

on the cerebral circulation. Hypoxia causes vasodilation,

whereas hypocapnia causes vasoconstriction. Despite indi-

vidual differences, vasodilation predominates over vasocon-

striction, leading to increased cerebral blood flow.7 Cerebral

oxygen delivery is determined by both blood flow and arterial

oxygen content. Increased cerebral blood flow (combined

with higher haemoglobin concentrations, see below) miti-

gates the effect of arterial hypoxaemia, helping to maintain

cerebral oxygen delivery even at extreme altitudes.8 How-

ever, as a consequence, the volumes of the cerebral arterial

and venous compartments are increased, as is total brain

tissue volume.
Haematological response

Hypoxia stimulates the release of erythropoietin from renal

cells, which stimulates erythropoiesis and leads to an in-

crease in haemoglobin concentration within about 2 weeks.

Higher haemoglobin concentration mitigates the decrease

in SaO2 and helps maintain the oxygen content of arterial

blood.

When starting an ascent from sea level, the initial reduc-

tion in PaO2 results in a relatively small decrease in SaO2

because of the sigmoid shape of the oxygen-haemoglobin

dissociation curve. At higher altitudes, a further decrease in

PaO2 of the samemagnitude results in amuch larger reduction

in SaO2. This means that an ascent of 2500 m from sea level

will only reduce SaO2 to ~92%, whereas a further 2500m ascent

to 5000 m will cause a much more pronounced decrease, to

~75e80%.

Alkalaemia causes a leftward shift of the oxygen

ehaemoglobin dissociation curve. However, alkalaemia is a

potent stimulus for the formation of 2,3-diphosphoglycerate

(2,3-DPG) by red blood cells, which shifts the dissociation

curve to the right. Even at high altitudes, once acclimatisation

has occurred, the opposing effects of alkalosis and increased

2,3-DPG production balance out. At extreme altitudes, the ef-

fect of alkalaemia predominates. The resulting leftward shift

of the oxygenehaemoglobin dissociation curve facilitates

binding of oxygen to haemoglobin in the lung, leading to an

increase in SaO2.



Fig 1 Blood gas measurements at extreme altitude. The image shows the

blood gas analysis of a climber after ascending and spending a night at

7020 m. The results indicate the presence of profound hypoxaemia and

severe respiratory alkalosis with only partial renal compensation. The SpO2

measured with a pulse oximeter was 53%.

Extreme altitudes
Performance

As a consequence of increased alveolar ventilation, values for

maximal oxygen uptake ( _VO2max) can be maintained up to an

altitude of about 1500 m. Further ascent leads to a diffusion-

limited reduction in arterial oxygen content. Figure 2 shows

daily SpO2 measurements in 15 participants of a research

expedition to 7000 m, illustrating the extent of hypoxaemia at

extreme altitudes.
_VO2max is severely reduced above 4500 m. The underlying

mechanisms are not fully understood, but we know from

studies in high-altitude climbers that _VO2max decreases by

~1% for every 100 m at altitudes above 1500 m.9 Reduced
_VO2max is a major determinant of performance at extreme

altitudes. Climbers are severely limited in terms of ascent (and

descent) speed and have almost no reserves in performance

capacity. In addition, reduced _VO2max leads to a parallel

decrease in body heat production even at maximal exertion

and increases the risk of hypothermia.
HAI

High-altitude illness refers to two different syndromes that

occur after an ascent to high altitude. The cerebral forms of

HAI include acute mountain sickness (AMS) and high-altitude

cerebral (o)edema (HACE), whereas the pulmonary form con-

sists of high-altitude pulmonary (o)edema (HAPE). Common
risk factors for the development of HAI are a rapid ascent, lack

of an adequate acclimatisation period and a past history of

HAI under similar circumstances.10 Physical exertion in a non-

acclimatised state can be a contributing factor.

Somewhat surprisingly, perhaps, the likelihood of devel-

oping HAI is not particularly associated with age, level of

fitness or smoking history.
AMS and HACE

Epidemiology
Acute mountain sickness is defined as the occurrence of

headache plus additional symptoms such nausea, loss of

appetite, vomiting, insomnia, dizziness and fatigue in a per-

son who has recently ascended to high altitude. Acute

mountain sickness is very common at high altitude. The

incidence increases from ~25% of climbers at altitudes be-

tween 2000 and 3000m to >50% of climbers acutely exposed to

altitudes >4000 m. Acute mountain sickness poses an ever-

present problem at extreme altitudes that is difficult to

manage. Within a standard climbing team, on any given

expedition day, a number of climbers will have various de-

grees of AMS (Fig. 3). The incidence of HACE is reported to be

0.3e4% at altitudes >5000 m.11,12 Our study group found ce-

rebral microhaemorrhages indicative of substantial

bloodebrain barrier disruption and HACE in three of 15

climbers who reached altitudes >7000 m.13

Pathophysiology
Acute mountain sickness and HACE are generally considered

to represent different severities on a spectrum of a single

disease with one underlying pathophysiology.14 However, the

pathophysiology is incompletely understood and the

following merely describes generally accepted concepts.

As previously discussed, hypoxia and hypocapnia lead to

increased cerebral blood flow and to cerebral arterial and

venous vasodilation. Increased capillary pressure and

hypoxia-induced increase in the permeability of the

bloodebrain barrier causes fluid leakage from the cerebral

capillaries into brain tissue, causing cerebral oedema. In

addition, tissue hypoxia induces free radical formation, which

reduces the activity of the Naþ/Kþ ATPase on the surface of

astrocytes, further exacerbating cerebral oedema. Thirdly, the

higher volumes of the venous and arterial cerebral compart-

ments contribute to an increase of total brain volume. There is

evidence that the above mechanisms occur in the majority, if

not all individuals ascending to high altitudes, but the extent

of swelling differs between individuals.

The ‘tight fit’ hypothesis suggests that not only the amount

of swelling, but also the ability to tolerate increased brain

volume determines whether an individual becomes symp-

tomatic.15 Individuals with a greater brain-to-intracranial

volume ratio will have less room to accommodate the same

degree of cerebral oedema. Once all physiological reserve

volumes (mainly CSF volumes in the subarachnoid space and

the ventricular system) are exhausted, any further tissue

volume expansion leads to an abrupt increase in ICP.

Increased ICP causes a decrease in cerebral perfusion pressure

and blood flow and, ultimately, to brain herniation and death.

However, more commonly, death from HACE occurs from

impaired cognition and ataxia leading to falls or an inability to

descend to a safe altitude.
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Fig 2 Peripheral arterial oxygen saturation (SpO2) measurements at extreme altitude. SpO2 measurements from 15 participants of a high-altitude research

expedition to Himlung Himal who reached a summit altitude of 7126 m during a 27-day expedition. The black rhombus shapes denote single daily pulse oximeter

readings. The blue area indicates the corresponding sleeping altitude.

Extreme altitudes
Signs and symptoms
Headache is the primary symptom of AMS. Pain perception

occurs via afferent fibres from pain receptors located in the

large intracranial blood vessels and meninges. Potential

mechanisms of pain receptor activation include vascular

distension, increased intravascular pressure, brain swelling

and the release of nociceptive substances.16 Connections of
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Fig 3 The incidence of AMS at extreme altitude. Lake Louise AMS ratings from 12 cli
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this climbing team.
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afferent fibres to vegetative centres can cause other symp-

toms, such as nausea and vomiting.

The Lake Louise AMS score is the most widely used scoring

system for AMS. The scoring system rates four symptoms

(headache; gastrointestinal symptoms; fatigue, weakness, or

both; dizziness/light-headedness) on a four-point scale from

0 (not present) to 3 (severe). The presence of AMS is defined as
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mbers during a 41-day research expedition to Mount Shishapangma (8046 m).

Louise AMS scores can range from 0 (no symptoms) to 15 (severe symptoms);

ding sleeping altitude. Note the high number of AMS episodes documented in



Clinical scenario 1

A 28-year-old high-altitude porter began an ascent car-

rying supplies from a camp at 6400 m to the next camp

at 6900 m during an expedition to Muztagh Ata in

western China. He did not report any symptoms of acute

mountain sickness or show any signs of ataxia while

getting ready. After approximately 40 min and 100 m of

ascent he collapsed and had a brief generalised seizure.

He regained consciousness but was unable to stand up.

The expedition doctor found the young man in a

confused and agitated state with severe ataxia. Several

prolonged tonic-clonic seizures followed. The patient

was treated with i.v. dexamethasone and also i.v. mid-

azolam, as an anticonvulsant. Supplemental oxygen

was applied by a non-rebreather mask. A rescue team

transported the man to the base camp, at an altitude of

4200 m, which was reached after 5 hours. By the time he

arrived at base camp, he had regained consciousness

and was neurologically normal.

Extreme altitudes
a total score of �3 from the four rated symptoms, with at least

one point from headache in the setting of a recent ascent or

gain in altitude.17

Severity rankings are not fully established, but it has been

suggested to define mild AMS as 3e5 points, moderate AMS as

6e9 points and severe AMS as 10e12 points. HACE is charac-

terised by the development of encephalopathic symptoms

and signs, including ataxia, severe lassitude and progressive

decline of cognitive function and consciousness (drowsiness

and confusion, stupor and coma). High-altitude cerebral

oedema can occur rapidly and without an obvious prodromal

phase of AMS of increasing severity (see Clinical scenario 1).

Prophylaxis and treatment
Prophylaxis of AMS and HACE consists of adequate acclima-

tisation by avoiding an abrupt ascent to sleeping altitudes

above 3000 m. When planning further ascent, subsequent

nights should be spent at elevations of <500m higher than the

previous night.18 An additional rest day should ideally occur

every 1000 m of further ascent.

Pharmacological prophylaxis with acetazolamide is

possible but should be restricted to individuals with a history

of altitude intolerance andwhere an adequate acclimatisation

is difficult or not possible. Acetazolamide inhibits renal car-

bonic anhydrase, thereby reducing the reabsorption of bicar-

bonate and causing a bicarbonate diuresis equal to the renal

compensation of respiratory alkalosis.19 Acetazolamide

stimulates ventilation and improves oxygenation by dis-

inhibiting central chemoreceptors.

Climbers with severe AMS should avoid further ascent and

limit strenuous physical activity. Symptomatic therapy for

headache and nausea consists of paracetamol and NSAIDs

along with antiemetics such as ondansetron. Severe AMS that

does not respond to the above treatment should be regarded

as potential HACE and requires immediate intervention.

Severe AMS/HACE at extreme altitudes is a life-threatening

condition and immediate descent by at least 1000 m is war-

ranted. In addition, and to facilitate descent and to temporise

the illness, dexamethasone, supplemental oxygen, hyperbaric

therapy in a portable hyperbaric chamber, or all three should

be used.
Dexamethasone is given at an initial dose of 8 mg p.o., i.m.,

or i.v., followed by 4 mg every 6 h until descent is completed

and neurological symptoms have resolved. Themechanism of

action of dexamethasone for control of vasogenic cerebral

oedema is not fully understood.20 In patients with brain tu-

mours, dexamethasone reduces the permeability of the

bloodebrain barrier by upregulating angiopoietin 1, a barrier-

stabilising factor, and downregulating vascular endothelial

growth factor, which induces an abnormal permeability of the

endothelium.21 The effectiveness of dexamethasone in the

treatment of severe AMS and HACE is based on broad clinical

experience, but has not been extensively studied.

Dexamethasone is effective in preventing AMS/HACE but

does not aid acclimatisation. If HACE occurs despite using

dexamethasone for prevention, further doses will only have a

limited effect. Experts therefore recommend using prophy-

lactic dexamethasone only after careful riskebenefit evalua-

tion in circumstances where a rapid ascent of inadequately

acclimatised climbers is unavoidable, for example, in high-

altitude rescue operations. Dexamethasone should not be

used to facilitate a more rapid ascent in non-emergency

situations.
HAPE

Epidemiology
The risk of HAPE depends on individual susceptibility, the

ascent rate and the altitude that is reached. High-altitude

pulmonary oedema is uncommon below 4500 m but in-

creases to 0.2e6% above 4500 m and to 2e15% at altitudes of

higher than 5500 m.22

Pathophysiology
High-altitude pulmonary oedema is a form of non-cardiogenic

pulmonary oedema triggered by hypobaric hypoxia. The

generally accepted mechanism of HAPE suggests that HPV at

the level of the pulmonary arterioles is extensive but not

uniform. In areas where there is limited arteriolar vasocon-

striction, pulmonary hypertension causes overperfusion of

capillaries, leading to a breakdown in the pulmonary blood-

gas barrier and to the accumulation of plasma and red blood

cells in the alveolar space. Secondly, hypoxia-induced vaso-

constriction also occurs in pulmonary veins, increasing the

resistance downstream of the region of fluid filtration. The

genetically determined variability of the extent and homoge-

neity of HPV plays an important role in the risk of HAPE and

may explain the marked differences in individual suscepti-

bility. A low HVR possibly increases susceptibility to HAPE

because more pronounced hypoxia causes more severe HPV.

However, the considerable overlap in extent of HVR in HAPE-

susceptible and HAPE-resistant individuals suggests that low

HVR is not a major contributor to HAPE.

Active removal of alveolar fluid is driven by an osmotic Naþ

gradient created by transepithelial Naþ transport from the

alveolar space into the interstitium, generating an osmotic

gradient for the reabsorption of water. Hypoxia inhibits the

activity and expression of various Naþ transporters of the

alveolar epithelial cells; the most important being apical

membrane epithelial Naþ channels and basolateral Naþ/Kþ

ATPase, and thereby decreases transepithelial Naþ transport

and the reabsorption of alveolar fluid.23 The accumulation of

extravascular fluid in the alveolar spaces further impairs gas

exchange, leading to profound and potentially lethal

hypoxaemia.
BJA Education - Volume 21, Number 12, 2021 459



Clinical scenario 2

A 23-year-old male climber ascended from camp I at

6400 m toward camp II at 6900 m during a skiing

expedition to Shishapangma in Tibet. He felt well at

the start of the ascent. Around 2 h into the ascent he

reported the of sudden onset of fatigue and breath-

lessness that was out of proportion with the physical

work of climbing.Within 15min he developed dyspnoea

even when standing still and developed a cough that

was productive of pink, frothy sputum. His SaO2

measured on a portable pulse oximeter was 54%. Hewas

treated with 20 mg of slow release nifedipine. The small

group of five climbers decided that immediate descent

was necessary but were unable to carry the patient.

Supplemental oxygen was applied by a non-rebreather

mask. As an excellent skier, he was able to ski to the

snow line at 6000 m despite severe dyspnoea. The

following 8 km descent on foot to the basecamp at 5600

m took 6 hours because of the patient’s severe shortness

of breath and difficulty in walking. Upon arrival at

basecamp late in the evening the patient was placed

into a hyperbaric chamber. His condition slowly

improved overnight with his SaO2 increasing to 75%.

Extreme altitudes
Signs and symptoms
Symptoms of HAPE often start with affected climbers experi-

encing sudden shortness of breath that is out of proportion

with the level of exertion. Later, dyspnoea with minimal

exertion and a non-productive cough develop (see Clinical

scenario 2). Symptoms can rapidly progress to severe HAPE

characterised by cough, productive of pink, frothy sputum or

even frank haemoptysis. Profound hypoxia develops, debili-

tating the climber by severely restricting his or her exercise

tolerance. HAPE is associated with the development of AMS in

>50% of cases and the risk of concomitant HACE is markedly

increased.

Prophylaxis and treatment
As with AMS, gradual ascent is the most important strategy

for preventing HAPE. High-altitude pulmonary oedema is a

life-threatening condition. The two principles of treatment

are to improve oxygenation and to reduce pulmonary arterial

pressure. Immediate descent and supplemental oxygen, hy-

perbaric therapy in a portable hyperbaric chamber, or both are

warranted. Pharmacologic treatment consists of pulmonary

vasodilators.

Nifedipine is a non-specific calcium channel blocker that

reduces pulmonary vascular resistance and pulmonary arte-

rial pressure.24 The phosphodiesterase-5 inhibitors tadalafil

and sildenafil increase the pulmonary vasodilatory effects of

nitric oxide.25,26 Standard (oral) doses are nifedipine 30mg of a

slow-release formulation (12-hourly), tadalafil 10 mg (12-

hourly) or sildenafil 50 mg (8-hourly).

Inhaled beta-adrenergic agonists, such as salbutamol, in-

crease sodium transport across the alveolar endothelium,

thereby enhancing the clearance of alveolar fluid. Evidence

suggests that salbutamol is effective in preventing HAPE in

susceptible individuals.23 The role of salbutamol as a treat-

ment of HAPE is less clear.

Treatment should be continued until the descent is

completed and the symptoms of HAPE have resolved.
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Pharmacological prevention of HAPE with pulmonary vaso-

dilators and dexamethasone is possible.26,27 However, if HAPE

occurs despite pharmacological prophylaxis, further treat-

ment options are limited. Again, the prophylactic use of pul-

monary vasodilators and dexamethasone should only be

considered after careful riskebenefit evaluation in circum-

stances where a rapid ascent of non-adequately acclimatised

climbers is unavoidable. We strongly advise against the use of

pharmacological HAPE prophylaxis to enable HAPE-prone in-

dividuals to ascend faster.
Conclusion

Acclimatisation to a high-altitude environment improves

arterial oxygen content and increases and maintains respi-

ratory drive mainly by correcting respiratory alkalosis. Accli-

matisation begins within minutes of ascent, but requires days

to weeks to complete. Gradual ascent to high altitude is the

most important factor in preventing HAI. Severe AMS, HACE

and HAPE occur not infrequently at extreme altitudes and are

associated with a high mortality. Patients should receive

adequate pharmacological treatment and supplemental oxy-

gen and should be transported to lower altitudes as soon as

possible.
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