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Essentials 

  

Ascent to altitudes above 2500ױm leads to exposure to hypobaric hypoxia. This 
affects performance on first arrival at high altitude and disturbs sleep, but 
physiological changes occur over time to defend arterial and tissue oxygenation and 
allow the individual to adjust. This process of acclimatization includes (1) an increase 
in the rate and depth of breathing; and (2) an increase in red cell mass, and in red 
cell 2,3-diphosphoglycerate. Acclimatization is no longer possible at extreme altitude 

.and the exposed individual will gradually deteriorate (mױ5800<)  
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Altitude illness results from a failure to adjust to hypobaric hypoxia at altitude. Risk 
is increased by ascent to higher altitudes, by more rapid gain in altitude, and (in 
some people) genetic predisposition; the condition may be avoided in most cases by 
slow, graded ascent. Clinical presentation occurs soon after arriving at a new 
altitude, most often manifest as one of three conditions:  

 
Acute mountain sickness (AMS)  
A common condition that presents with non-specific symptoms, including headache 
and anorexia. The victim is likely to be apathetic, but clinical examination is generally 
unremarkable. Mild cases usually resolve with rest and avoidance of further ascent. 
Those whose symptoms fail to resolve (or worsen) should descend immediately. 
Treatment with acetazolamide (which can also be used as prophylaxis) or 
dexamethasone is often given in severe cases. 
 
High -altitude cerebral oedema  
An uncommon condition that typically presents with worsening symptom s of AMS 
and ataxia, with progressive neurological symptoms including behavioural changes, 
confusion, and impairment of consciousness. Papilloedema and focal neurological 
signs may be present. Treatment is urgent, with the most important measure being 
descent. Oxygen or simulated descent using a portable hyperbaric chamber can be 
helpful. Dexamethasone is widely recommended (and can be used as prophylaxis). 
 
High -altitude pulmonary oedema  
A relatively uncommon condition with significant mortality that typica lly presents 
with dyspnoea and cough. Signs include low-grade fever, tachycardia, tachypnoea, 
basal crepitations, and (in late disease) cyanosis. Treatment is urgent, with the most 
important measure being descent. Oxygen should be given if available. Simulated 
descent using a portable hyperbaric chamber can be helpful. Nifedipine reduces 
pulmonary artery pressure, relieves symptoms, and is usually given (and can be 
used as prophylaxis). 

Chronic mountain sickness (Mongeôs disease) is a disease of adults who reside for 
prolonged periods at high altitude and develop polycythaemia and eventually cor 
pulmonale. Symptoms appear to resolve with descent, but treatment with 
venesection has been attempted in those who remain at altitude. High -altitude 
pulmonary hypertension has been described in both infants and adults, 
predominantly native lowlanders who ascend to and reside at high altitude: this also 
appears to resolve on descent. 

Pre-existing medical conditions are mostly little affected by ascent to altitude, but 
people particularly likely to be affected by hypoxia/ altitude include those with (1) 
coronary ischaemia and a strongly positive exercise treadmill test; (2) sickle cell 
disease or trait; (3) chronic pulmonary disease, especially pre-existing pulmonary 
hypertension from any cause. 
 
 

Introduction  



  
The high-altitude regions of the world are commonly regarded as remote and 
inaccessible, except to a relatively small number of hardy individuals. However, a 
surprisingly large number of people live permanently at high altitudes and increasing 
numbers of low-altitude sojourners visit these regions each year. An estimated 140 

million people reside above 2500ױm, predominantly in Asia, South America, and 
North America. In South America, miners and astronomers work at altitudes over 
 m. Recreational activities, such as trekking, skiing, and pilgrimages, regularlyױ4500

take travellers to altitudes between 3000ױm and 5000ױm. All these people are 
susceptible to high-altitude illnesses, which can be fatal. 
 
 

The high-altitude environment 

  
Although the proportion of oxygen in the air remains constant at 21%, barometric 
pressure decreases with increasing altitude, and this is accompanied by a 
corresponding fall in partial pressure of oxygen (PO2) (Fig. 9.5.4.1). High altitude is a 
hypoxic environment. At 2500 m, the barometric pressure and inspired PO2 are about 

75% of the sea level values. At 5000ױm, which is close to the maximum height for 
permanent human habitation,  PO2 is about half of  the sea-level value. On the 

summit of Mount Everest (8848ױm), PO2 is about one-third of the sea -level value. In 
human physiology, the definitions in Box 9.5.4.1 are commonly used 

 
  

Fig. 9.5.4.1 Change in barometric pressure with altitude. 

© Pollard, Andrew J. and Murdoch, David R., The High Altitude Medicine Handbook (3e). Oxford: 
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Box 9.5.4.1 Altitude ðdefinitions  

Intermediate altitude (1500 ï2500 (mױ  
Physiological changes due to hypobaric hypoxia (such as reduced exercise performance and 
increased ventilation) are detectable, but arterial oxygen saturation remains above 90%. 
Altitude illness is uncommon, but possible. 

High altitude (2500 ï3500 (mױ  
Altitude illness is common following rapid ascent to this altitude.  

Very high altitude (3500 ï5800 (mױ  
Arterial oxygen saturation falls below 90%. Altitude illness is common and marked 
hypoxaemia can occur during exercise and sleep. 

Extreme altitude (>5800 (mױ  
Further acclimatization cannot be achieved, progressive physiological deterioration occurs, 
and survival cannot be maintained permanently. Marked hypoxaemia occurs at rest. 

In addition to hypoxia, there are several other characteristics of the high -altitude 
environment. There is a fall in temperature of approximately 1  mױC for every 150°ױ
rise in altitude, irrespective of latitude, so that high -altitude areas are considerably 
colder. Ultraviolet penetration increases by approximately 12% for each 1000 -m 
altitude gain, increasing the risk of sunburn, ultraviolet keratitis, and other sun -
related problems. The low humidity contributes greatly to fluid loss and dehydration, 
as does the increased solar radiation, which may be very much exaggerated by 
reflection from snow. 
 
 

Effects of hypobaric hypoxia 

  
Reduction in exercise performance is one of the profound effects of ascent to high 
altitudes, and is associated with increased fatigue. Maximal oxygen consumption 

decreases by approximately 10% for each 1000-m gain in altitude above 1500ױm, 
and this does not recover appreciably with acclimatization. This reduced maximal 
oxygen consumption may be due to a reduction in mitochondrial  PO2, interfering 
with the function of the electron transport chain, or through central inhibition in the 
brain. Genetic factors may also be partly responsible for individual variations in 
exercise performance at high altitudes. For example, mountaineers who perform well 
at high altitudes tend to have a variant of the angiotensin -converting enzyme gene. 
Sleep is also disturbed at high altitude. There is difficulty getting to sleep, frequent 
arousals, less rapid eye movement (REM) time and decrease in slow-wave sleep. 
Periodic breathing, characterized by episodes of hyperpnoea followed by apnoea, is 

relatively common among travellers to altitudes over 2500ױm. It is thought to result 
from instability of the control system through the hypoxic drive or the response to 
CO2, and is usually minimized by use of acetazolamide. Hypoxaemia during apnoeic 
episodes during periodic breathing probably accounts for some of the arousals from 
sleep that are experienced at high altitude.  

Neuropsychological changes at high altitude are often quite subtle, although various 
changes in mental performance have been documented. At altitudes over 4000ױm, 
there are effects on attention span, short -term memory, arithmetic ability, and 
decision making. 



 
Acclimatization  
Acclimatization is the process by which people gradually adjust to the hypoxia of 
high altitude. In general, it is a poorly understood physiological process involving a 
series of adjustments that occur over hours to months. These changes favour 
increased oxygen delivery to cells and efficiency of oxygen use. In contrast, the term 
óaltitude adaptationô refers to physiological changes that occur over longer time 
periods (decades and generations) and confer advantages for life at high altit ude. 
Acclimatization reduces the impact of high-altitude hypoxia, but does not return the 
body to its sea-level condition. 

A few of the principal steps involved in acclimatization to high altitude may be 
summarized as follows. 

 
Ventilation 
Hyperventilation is the most important feature of acclimatization and serves to 
defend alveolar PO2. Increases in the rate and depth of breathing occur in response 
to hypoxic stimulation of the peripheral chemoreceptors, mainly the carotid bodies. 
Hyperventilation increases alveolar PO2 in the face of decreased inspired PO2, and 
also reduces alveolar PCO2 leading to a respiratory alkalosis. The alkalosis initially 
limits increased ventilation, but this is eventually compensated for by a rise in 
urinary excretion of bicarbonate that returns pH towards normal (but never reaches 
normal). The degree of hyperventilation in response to high -altitude hypoxia can be 
profound. Alveolar ventilation increases approximately fivefold on the summit of 
Mount Everest where inspired PO2 is less than one-third of its sea-level value. 
 
Blood 
Erythropoietin secretion is increased within 2ױh of ascent to high altitude, resulting in 
a relatively slow increase in red cell mass over days to weeks. This, in turn, 
increases the oxygen-carrying capacity of the blood and permits optimal oxygen 
transport to tissues. Contrary to popular perceptions, polycythaemia contributes little 
to initial acclimatization and does not play an important role in acclimatization of 
people travelling to high altitude for onl y a week or so. The increase in red cell mass 
is partly offset by the higher haematocrit, which increases blood viscosity and 
decreases blood flow. The shift in the oxyhaemoglobin dissociation curve to the 
right, which occurs on ascent and is due to an inc rease in red cell 2,3-
diphosphoglycerate, favours unloading of oxygen in the tissues, but this particular 
adjustment is offset by the shift to the left caused by alkalosis.  
 
Circulation 
Although there is an abrupt increase in cardiac output on ascent to hig h altitude, 
there follows a progressive decrease in stroke volume and maximal cardiac output is 
reduced at all levels of exercise, including maximal exercise. Although there is no 
evidence for insufficient myocardial oxygenation, there is disagreement about 
whether the myocardium is depressed by hypoxia. There is an immediate 
redistribution of blood flow: coronary and cutaneous flow both fall, cerebral and 



retinal flow increase, and renal flow decreases initially, and then, with 
acclimatization, returns to normal. 
 
Fluid balance 
Central blood volume increases with ascent to high altitude due to peripheral venous 
constriction. This, in turn, suppresses antidiuretic hormone and aldosterone and 
induces a diuresis. Haemoconcentration and diuresis are normal responses to high-
altitude exposure. 
 
Extreme altitudes 
Acclimatization in adults seems to be possible up to about 5000 to 5500ױm. Above 
this height, there is a fine balance between adjustment to high altitude and 
deterioration as a result of chronic hypoxia. The term óhigh-altitude deteriorationô 
refers to the general deterioration in physical condition that occurs after lengthy 
stays at extreme altitudes. Typical features include progressive weight loss, 
worsening appetite, poor sleep, and increased lethargy. 
The most extreme altitudes, such as the summit of Mount Everest, are very close to 
the limit of human tolerance to hypoxia. Indeed, early estimates indicated that all 
available oxygen on the summit of Mount Everest would be required for basal 
oxygen uptake, with none left over for physical exertion. Alveolar gas samples taken 

near the summit of Everest (8400ױm; barometric pressure, 36.3ױkPa) show an 

inspired PO2ױ6.27=ױkPa, and alveolar PO2ױ4.00ױ=ױkPa. Mean arterial gas values at this 

altitude were:  PO2 3.3ױkPa; PCO2 1.8ױkPa; pH7.5ױ; oxygen saturation 54%. 
Consequently, it is extraordinary that some humans are able to climb to this height 
without using supplementary oxygen. A number of reports have suggested mild, 
possibly permanent, defects in cognition in climbers who have ascended to extreme 
high altitudes. 
 
Illness due to altitude  
Until high-altitude acclimatization has occurred, lack of physiological compensation 
for hypobaric hypoxia may manifest as altitude illness. Acute mountain sickness 
(AMS), high-altitude pulmonary oedema (HAPE), and high-altitude cerebral oedema 
(HACE) are recognized distinct clinical syndromes of altitude illness, although there is 
substantial overlap between the three syndromes. AMS is the most common. 

Development of altitude illness is most likely after a rapid ascent, although there is 
considerable variation in susceptibility between individuals. Genetic factors are likely 
to be important in determining susceptibility but a number of other factors are 
contributory and are discussed in the following paragraphs.  

 
Acute mountain sickness 
Incidence rates of AMS vary with the absolute altitude gained and the speed of 

ascent. Some 30 to 50% of those who ascend to 4500ױm on a standard trek in the 
Himalaya develop AMS. The incidence of AMS is greater at higher altitudes and with 
greater gains in altitude, and may be precipitated by physical exertion. Some people 
have a history of recurrent AMS, suggesting individual susceptibility. 



Typically, symptoms of AMS begin 6 to 12ױh after ascent to altitudes over 2500ױm. 
The familiar features of AMS are non-specific symptoms that are readily confused 
with many other illnesses and include: 

 ấ headache 

 ấ nausea 

 ấ vomiting 

 ấ fatigue 

 ấ anorexia 

 ấ dizziness 

 ấ sleep disturbance 
 

 

Fig. 9.5.4.2 One of the authors (DM) with symptoms of AMS (headache, anorexia, lethargy, and 

malaise) on Mount Kilimanjaro in 2006 after rapid ascent to 4100ױm. 

(Courtesy of J Crump.) 

For practical purposes, people ascending to altitude with unexplained symptoms that 
include the above mentioned should be assumed to have AMS. The headache is 
typically worse at night, on lying down and with Valsalvaôs manoeuvre. Anorexia is 
often pronounced. Clinical examination is typically unremarkable, although it may 
reveal some peripheral oedema or crepitations on auscultation. There may be 
tachycardia and elevated core temperature. Typically, the person with AMS is 
apathetic and withdrawn, seeking solitude in their sleep ing bag (see Fig. 9.5.4.2). 
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The aetiology of AMS is unknown. It has been argued that it is a mild form of 
cerebral oedema since it often precedes development of HACE, and the symptoms of 
AMS include symptoms of headache and nausea consistent with a mild increase in 
intracranial pressure. Brain imaging studies have not found increases in brain volume 

or oedema in the first 6 to 10  ,h after exposure to hypoxia despite symptoms of AMSױ
but it may be that these techniques lack sufficient sensitivity. However, brain volume 
does increase after longer exposure to hypoxia. Some recent evidence suggests that 
oxidative stress may be involved in the development of AMS. 

Mild AMS usually resolves if the victim avoids further ascent and rests. Paracetamol 
(acetaminophen) or other analgesics may bring relief from headache. Those, whose 
symptoms fail to resolve, or worsen, should descend immediately. More severe 
symptoms of AMS will also resolve with descent but some people will require 
treatment to facilitate descent. Supplementary oxygen may be benefi cial if available. 
Treatment with acetazolamide (250ױmg orally, three times daily), or dexamethasone 

 can be useful in severe cases. Acetazolamide is a (mg orally, four times dailyױ4)
carbonic anhydrase inhibitor, which increases renal excretion of bicarbonate to 
induce a metabolic acidosis. The hyperventilation induced by the respiratory 
compensation improves oxygenation to relieve symptoms. 
Portable hyperbaric chambers are widely used on trekking routes and can be 
pressurized to simulate descent and temporarily relieve symptoms, in order to 
facilitate descent. These chambers are inflated with a hand or foot pump to achieve 
the barometric pressure of a lower elevation. CO2 is removed by the airflow 
generated by the pumping action, and a CO2 scrubber is included in some models. 

AMS can be avoided or prevented in most cases by carefully graded ascent. Above 
 m, willױm per day, with a rest day every 1000ױm, a rate of ascent of 300 to 600ױ3000
avoid symptoms for most people. However, there is considerable individual variation. 
For some destinations, itineraries are rapid enough to induce symptoms of AMS in a 
large proportion of travellers. For this reason, prophylaxis with acetazolamide, 
started on the day before ascent over 3000ױm (250ױmg twice daily or 500ױmg daily of 

the slow-release preparation) is frequently recommended for prevention and is 
effective. Since the side effects induced by this drug may be serious (allergic 
reactions) or intolerable (paresthesiae), test doses should be tried before it is used 
for prophylaxis during ascent. One meta-analysis suggested that doses of 

acetazolamide lower than or equal to 750ױmg per day were ineffective, but this is not 
widely accepted by expert interpretation of the available data and total dose of 
 mg per day remains the most widely used. There is evidence that acetazolamideױ500

doses of 125ױmg twice daily may be effective in some people. Dexamethasone may 
also be useful for prophylaxis although its mechanism of action is unknown. Ginkgo 
biloba has been advocated for prevention by some authors, but recent trials do not 
support its effectiveness. Theophylline reduces periodic breathing during sleep, but 
not oxygenation and probably has little utility in prophylaxis.  

 
High-altitude cerebral oedema (HACE) 
Unlike AMS, which is quite common among travellers to high altitude, HACE and 
HAPE are relatively uncommon. HACE is more typical after ascent to altitudes over 



 .mױm, but cases have been described even at the modest elevation of 2100ױ4000
Higher rates are found at the highest altitudes and after more rapid ascent. At 4000 

to 5500ױm, rates of 1% have been described amongst trekkers. HACE is usually 
preceded by AMS and frequently associated with HAPE (see following paragraphs). 
Symptoms of AMS have usually been present for 1 to 2 days before the onset of 
HACE. Risk factors for the development of HACE are probably similar to those 
recognized for other forms of altitude illness. HACE may be more common in the 
presence of intracranial space-occupying lesions such as cysts or tumours. 

Worsening symptoms of AMS and ataxia are typical early signs of development of 
HACE. Behavioural changes (being irrational, withdrawn, or exuberant), confusion, 
and a change in conscious level leading to coma may ensue. Papilloedema may be 
present. Both focal neurological signs and cranial nerve lesions may be present. 
Brain imaging studies show typical signs of cerebral oedema with changes in white 
matter signal, compression of sulci, and blunting of gyri. Lumbar puncture, if 
undertaken, reveals raised pressure but is otherwise normal. HACE is 
indistinguishable clinically from many other causes of compromised cerebral 
function. There is a very high mortality among those who develop coma.  

It is likely that HACE is a vasogenic oedema resulting from injury to  the bloodïbrain 
barrier, following disturbances in cerebral autoregulation. Cytotoxic oedema from 
release of mediators in the central nervous system in response to hypoxia may also 
contribute.  

In view of the seriousness of HACE, treatment is urgently required and the most 
important measure is descent. Oxygen therapy or simulated descent using a portable 
hyperbaric chamber may improve oxygenation and symptoms and thus facilitate 
descent. Intravenous dexamethasone (8ױmg) followed by 4ױmg, orally four times p er 

day may improve symptoms and is widely recommended. HACE tends to recover 
more slowly than other forms of altitude illness and ataxia is often the last sign to 
disappear. 

HACE is probably prevented by slow, graded ascent (see AMS in earlier paragraph) 
and prophylaxis with dexamethasone may be beneficial for those with a risk of the 
condition. 

 
High-altitude pulmonary oedema (HAPE) 
HAPE typically occurs within 4 days of ascent to altitudes over 2500ױm and may be 
accompanied by symptoms of AMS or HACE. HAPE presents more frequently with 

increasing altitude: 1 to 2% of people may be affected at 4500  m, but much higherױ
rates (10%) have been reported after rapid ascent at this altitude. It can also occur 
in those who have become acclimatized at one altitude and then make a further 
ascent. HAPE is a serious form of altitude illness and is associated with fatality when 
not managed urgently and appropriately.  

HAPE is more common in men than women. Risk of its developing is increased by 
cold, rapid ascent, exertion, coexistent viral infection, and possibly by drugs, such as 
alcohol, that cause respiratory depression. Individual susceptibility is well recognized 



and those who have previously suffered from HAPE appear to be more susceptible in 
the future. There are var ious genetic associations described including pulmonary 
surfactant protein A, HLA DR6, HLA DQ4, epithelial sodium channel protein, and 
endothelial nitric oxide synthase genes. People with raised pulmonary blood flow or 
an exaggerated hypoxic pulmonary vascular response may also be more susceptible 
(i.e. those with atrial septal defect, absent right pulmonary artery or a chronic 
respiratory condition). High -altitude dwellers who travel to sea level are at particular 
risk of re-entry HAPE when they return to high altitude.  

  

Fig. 9.5.4.3 Hypoxic Nepali porter with HAPE, receiving therapy with supplementary oxygen. 

Courtesy of S. Currin and P. Szawarski. 



  

Fig. 9.5.4.4 Chest radiograph showing high-altitude pulmonary oedema with prominent oedema on 

the right. 

Copyright B. Basnyat. 

People with HAPE typically present with dyspnoea and cough. The breathlessness is 
worse on exertion, may be dry or wet, and can present with haemoptysis. Other 
symptoms include chest pain, orthopnoea, nausea, insomnia, headache, dizziness, 
and confusion. Low-grade fever is a common finding together with tachycardia, 
tachypnoea, basal crepitations, and cyanosis in late disease (Fig. 9.5.4.3). 
Signs of right ventricular enlargement are present with an accentuated pulmonary 
second sound and right ventricular heave. Oxygen saturations are decreased, the 
ECG shows right axis deviation, tachycardia, and peaked P-waves, and the chest 
radiograph shows oedema, most prominently on the right (see Fig. 9.5.4.4). 

In patients who have been studied with cardiac catheterization during HAPE, 
pulmonary arterial pressure is found to be raised. The majority of people who are 
susceptible to HAPE show an abnormal rise in their pulmonary arterial pressure at 
sea level during exposure to hypoxia or on exercise. 
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The clinical syndrome is not unique, and similar findings occur in other respiratory 
diseases, including acute bacterial or viral pneumonia. High-altitude cough (see 
following paragraph) may also cause diagnostic confusion. 

As described earlier, HAPE appears to result from an exaggerated hypoxic pulmonary 
vasoconstrictor response, which leads to capillary leak. The vasoconstriction is 
heterogeneous, and stress failure of pulmonary capillaries may occur in the 
overperfused vessels, leading to the patchy oedema. 
Once HAPE is recognized, the victim must descend. Even descent of a few hundred 
metres may be enough to raise the barometric pressure sufficiently to reverse the 
symptoms. Without appropriate management, HAPE may be fatal, and further ascent 
should not be undertaken. In a mountain environment,  immediate descent may be 
impossible because of weather, or other circumstances (Fig. 9.5.4.5). The patient 
may be so breathless that they can not move. Adjunctive therapies may improve 
symptoms and allow descent. The patient should be encouraged to sit up to prevent 
orthopnoea. Oxygen should be given if available. Nifedipine (20-mg slow release 
preparation, four times daily) reduces pulmonary artery pressure and relieves 
symptoms. Side effects of nifedipine include headache, dizziness, and postural 
hypotension. Other pulmonary vasodilators such as hydralazine, phentolamine, 
inhaled nitric oxide, and sildenafil citrate have been used and may be beneficial, but 
nifedipine is most widely used. Portable hyperbaric chambers are often available on 
commercial trekking routes. They can simulate descent, improve oxygenation, and 
relieve symptoms. Devices that help provide positive expiratory airway pressure may 
also improve oxygenation. 

The risk of HAPE is reduced by slow, graded ascent. Above 3000ױm, a rate of ascent, 

of 300 to 600ױm per day, with a rest day every 1000ױm is recommended. Nifedipine 
(20-mg slow release preparation, three times daily) and other calcium channel 

blockers, dexamethasone (8ױmg twice daily), inhaled ȁ2-andrenoceptor agonists, and 
phosphodiesterase-5 inhibitors are effective for prophylaxis in those known to be 
susceptible. 

http://otm.oxfordmedicine.com/cgi/content/full/5/1/med-9780199204854-chapter-090504#FIG090504005


  

Fig. 9.5.4.5 View of Lhotse (8516ױm) from about 8600ױm on the South East Ridge of Mount Everest in 

1994. Eight climbers died on one day in May 1996, when a storm struck Mount Everest and prevented 

climbers descending this ridge to the relative safety of Camp IV on the South Col. 

Copyright A. Pollard. 

 
High-altitude retinal haemorrhage 
Retinal haemorrhages occur frequently at altitudes of 5000ױm or higher, even in 

those without AMS or HACE. Although usually asymptomatic, they can cause visual 
problems if the macula is involved (Fig. 9.5.4.6). The causes of high-altitude retinal 
haemorrhage may include increased cerebral blood flow, Valsalvaôs manoeuvre 
(during exertion or coughing), polycythaemia, and hypoxia -mediated capillary 
endothelial permeability. In most instances of high -altitude retinal haemorrhage 
without altitude illness, descent may not be necessary. The haemorrhages usually 
resolve within days to weeks. If vision is compromised or there is concomitant 
altitude illness, descent is mandatory. 
 
Peripheral oedema 
Swelling of the hands, face, and ankles commonly occurs at high altitude and may 
not be related to AMS, HACE, or HAPE. Anasarca is seldom seen. Descent or 
diuretics will treat the oedema.  
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