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Foreword

Keen students of high altitude medicine and physiology may recall the exploits of 
Alexander Kellas on Mt Kamet in 1920. It was in those early years of high altitude 
exploration that physiology, medicine, and mountains have come together. Since 
then and over the years giants of high altitude science such as Griff Pugh, Michael 
Ward, Jim Milledge, John West, and others built the foundations of knowledge we 
now cherish with the publication of the core text High Altitude Medicine and 
Physiology in 1989, now in its 6th edition. One could say that a new specialty has 
been born. In many respects, high altitude medicine is the science of pushing the 
boundaries. They are boundaries of human endurance—physical and psychological. 
In 1980, Reinhold Messner conquered Mt Everest without using supplemental oxy-
gen. In 2003, Mr Yūichirō Miura reached the summit of the same mountain aged 80. 
An American, Jordan Romero succeeded in reaching the summit aged 13. By the 
age of 15, he became the youngest person to accomplish the prized ascent of Seven 
Summits. Recently, all 14 eight thousand+ summits have been climbed in marathon 
succession by Nirmal Purja, who achieved it in under 7 months. From acclimatiza-
tion, genetic predisposition, endurance training through geriatric and pediatric con-
siderations high altitude medicine is now a vast and growing field. Whilst mountains 
were and continue to be the domain of professional mountaineers, there is increas-
ing number of people ascending to high altitudes for leisure, taking part in commer-
cial or charity expeditions, as well as heading there for work. It is not surprising that 
in those austere, remote and physiologically challenging environments, some of 
them fall ill. Specialists with an interest in mountain medicine are few and resources 
are not always available in those remote locations. What can be lifesaving is basic 
knowledge of high altitude medicine. This book, edited by Dr Jorge Hidalgo, aims 
to introduce concepts from the field in an approachable manner. It is not overbearing 
with facts and physiology, but at the same time it respects readers’ thirst for under-
standing. The editor’s intention has been to use “teaching moments” approach, bas-
ing clinical considerations on real cases. This allows to frame the approach to high 
altitude problems, whilst providing a sketch of the available evidence with regard to 
treatment. The evidence contours are not exhaustive, but this serves another pur-
pose. Imperfection is an advantage as it fuels growth. A need to revise, reinvent, and 
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re-appraise evidence means that this book has a potential to grow with time becom-
ing a “living text” that adapts to our understanding of high altitude physiology and 
medicine. Multinational faculty contributing to this book does so with enthusiasm 
taking a reader on a journey by providing context to each case. I am hopeful that the 
book will find place not merely in university libraries, but on rough shelves of 
mountain shelters and remote health posts. Its format lends itself also to becoming 
an online resource for medics heading into the mountains, as well as those seeking 
introduction to an amazing medical specialty. Perhaps the knowledge contained 
within will help to save a life. “Great things are done when men and mountains 
meet; this is not done by jostling in the street”—remarked William Blake. Perhaps 
readers will meet with the book and find inspiration within those pages, to delve 
deeper into the mountains and mountain medicine, and to catch a breath of fresh 
air—as this is not done simply by jostling in the street.

 

  

Consultant in Anesthesia and  
Intensive Care Medicine  
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Chapter 1
Introduction to High Altitude Medicine

Jose Alfonso Rubio Mateo-Sidron, Fernando Eiras Abalde, and Jorge Hidalgo

�Objectives

Know the pathophysiology of high-altitude diseases (HAI).
Know the clinical presentation of HAI.
Know the preventive measures of HAI.
Know the treatment of HAI.
Know the controversies in HAI.

�Case Study

We present the case of a 32-year-old male from Europe (he lives about 2–10 m 
above sea level). He decided to go on a trip and do mountaineering. He had made 
several routes throughout his life, but never at such altitude. Its maximum height 
target was 5790 m. Over the course of 3 days, he progressively climbed, but upon 
reaching the refuge at 4708 m, he began feeling shortness of breath, fatigue, exhaus-
tion and neurological disorders (improper speech, refusal to eat, incoordination). 
Nevertheless, he decided continue climbing until his final goal. Due to this progres-
sive clinical deterioration, the team decided to descend to the shelter, where they 
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began treatment with oxygen. He continued to deteriorate so he was transferred to a 
hospital.

Upon arrival at the hospital his vital signs were: Tª 35.5  °C HR 110lmp BP 
135/85  mmHg FR 36  rpm SatO2 81% with ventimask reservoir. GSC 11/15. 
Auscultation showed cardiac tachycardia, and pulmonary generalized crackles. In 
lower limbs, there was mild edema.

Blood test showed: Biochemical: Glucose 113 mg / dl. Urea 34 mg / dl. Creatinine 
0.7 mg / dl. Na 145 mEq / L. K 4.2 mEq / L. Arterial blood gas: pH 7.41 pCo2 
40 mmHg pO2 51 mmHg SatO2 81% HCO3 26. Hemogram: Hb 13.9 g / dl. Platelets 
85 × 109 / L. Leukocytes 7 × 109 / L. Coagulation: Normal. ECG: Sinus tachycar-
dia. Normal QTc. Normal PR. Chest X-ray: bilateral diffuse interstitial infiltrates. 
Echocardiogram at bedside: No relevant alterations.

Treatment with dexamethasone and broad-spectrum antibiotics were started. 
Cultures were carried out.

At 24 h of admission, he persisted with progressive clinical deterioration, with 
worsening on the Glasgow to 7/15 and greater respiratory compromise in terms of 
mechanics, saturation, and hypoxia; therefore, it was decided to analogous sedation 
and relaxation, orotracheal intubation and connection to invasive mechanical venti-
lation. Throughout the days, the patient developed progressive neurological and 
respiratory improvement, which allowed extubating 5 days after admission to the 
ICU. Being discharged after 7 days.

�Discussion of the Case

In our case, a patient without comorbidity who lives in an area of low altitude with 
respect to sea level, decides to undertake an ascent to more than 2500–3000 m. In 
addition, he does not carry out prophylactic measures prior to the ascent.

Based on the beginning of symptoms a few days after starting the ascent. 
Thorough clinical history, physical examination, and complementary tests, we can 
make differential diagnoses. The diagnostic hypothesis is: High altitude illness 
(HAI) which includes Acute Mountain sickness (AMS), High altitude cerebral 
edema (HACE) and High altitude pulmonary edema (HAPE).

On the one hand, the patient had some respiratory symptoms: cough, dyspnoea 
which progresses to cyanosis, tachypnoea, orthopnoea, and symptoms compatible 
with pulmonary edema. X-ray and laboratory tests were not suggestive of infectious 
disease, and echocardiography showed preserved LVEF.

HAPE is a non-cardiogenic pulmonary edema. Irregular pulmonary vasocon-
striction, excessive perfusion in some areas, increased pulmonary capillary pressure 
and finally failure due to capillary “stress” occurs. Also, endothelial dysfunction 
due to hypoxia.

On the other hand, there were neurological symptoms: alterations in the level of 
consciousness, confusion, and ataxia of gait, progressing to further deterioration of 
the Glasgow.

J. A. R. Mateo-Sidron et al.
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HACE is produced by alteration of brain autoregulation in the presence of 
hypoxic cerebral vasodilation and permeability of the blood-brain barrier; all con-
tribute to brain edema.

After starting treatment with corticosteroids and connection to mechanical ven-
tilation, significant clinical improvement began.

�Pathogeny

HAI encompasses the syndromes that can occur after an initial ascent to a high 
altitude, generally>2000-2500 m, or with a new ascent while at a high altitude. HAI 
includes: AMS, HACE, and HAPE [1].

The main mechanism that triggers these pathologies is hypobaric hypoxia (Hp). 
Hypoxia is defined as the reduction in the partial pressure of oxygen (PaO2) at the 
cellular level. This is the main causal agent of height-related diseases [2–4]. As the 
barometric pressure drops, so does the available oxygen. At high altitudes, espe-
cially when tissue oxygen demands are high, the marked reduction in pressure gra-
dient and available oxygen can cause tissue hypoxia. There are other factors that 
influence barometric pressure, with little influence at low altitudes, but greater at 
high altitudes such as temperature and latitude [2].

The physiological compensation mechanisms for this Hp are acute or chronic:
Acute compensation mechanisms are divided into two stages (acclimatization 

and adaptation). The acclimatization stage runs from the ascent until about the fifth 
day. (a) Acute respiratory adaptation (hyperventilation) is the most immediate 
response. The hypoxic ventilatory response (HVR) is produced by the stimulation 
of peripheral chemoreceptors, producing an increase in minute ventilation. Increased 
ventilation increases alveolar pO2, reduces alveolar pCO2, increases pH. On the 
other hand, central chemoreceptors in the brain medulla respond to alkalosis in the 
cerebrospinal fluid (CSF) by inhibiting ventilation, so that the complete hypoxic 
ventilatory response is attenuated. (b) Acute circulatory adaptation (tachycardia). 
There is an increase in heart rate and cardiac output, increasing the supply of cel-
lular oxygen. The other acute stage is Adaptation, which is established after the fifth 
day and produces an increase in haematocrit and improves the capacity to transport 
oxygen [2, 5–8].

Regarding chronic mechanisms, three are fundamentally three: (a) Erythrocytosis, 
defined as the increase in the number of red blood cells, which improves the O2 
transport, causing an increase in blood viscosity. Increase in the synthesis of eryth-
ropoietin (EPO) by the kidney, stimulating the production of red blood cells in the 
bone marrow, the synthesis of 2,3-Diphosphoglycerate (2,3-DPG) is increased, pro-
ducing a shift of the haemoglobin dissociation curve to the right. (b) Pulmonary 
vasoconstriction. HVR causes increased pulmonary vascular resistance, increased 
pulmonary arterial pressure, all with the aim of maintaining constant blood flow. 
Secondarily, the right ventricle hypertrophies when it must pump against a higher 
pressure. Cardiac output is initially elevated, with subsequent normalization. (c) At 

1  Introduction to High Altitude Medicine
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the tissue level, hypoxia-inducible factor 1 (HIF-1) is elevated, stimulates vascular 
endothelial growth factor (VEGF), which stimulates angiogenesis and nitric oxide 
synthesis. All this produces greater blood flow, greater supply of oxygen to the tis-
sues, improvements in oxidative metabolism and the exchange of tissue gases 
[2, 6–9].

In the development of AMS and HACE, it is considered a continuum of the same 
disease by many authors, the mildest forms being AMS and the most serious being 
HACE. The event that initiates AMS is excessive cerebral vasodilation in response 
to hypoxemia [2, 3, 5]. There is also mild astrocytic inflammation caused by a redis-
tribution of fluid from the extracellular to the intracellular space without evidence 
of cerebral edema. All of this can trigger the activation of the trigeminal vascular 
system, causing headaches and nausea [10, 11]. If it continues to evolve, it will 
develop HACE. Edema formation occurs in HACE (the relationship between cere-
bral edema and AMS is less clear), initially cytotoxic (intracellular) edema, later 
extravascular ionic edema, evolving to vasogenic edema with protein extravasation 
and, finally, loss of integrity of the BBB with extravasation of red blood cells and 
microbleeds [12]. Brain edema will cause increased intracranial pressure (ICP), 
which if not stopped could cause brain herniation and finally evolve to death [13].

HAPE is initiated by an increase in pulmonary arterial pressure, by an initial 
cascade of physiological responses that seek to compensate the hypoxia but which 
over time become harmful [5, 7]. This elevated pulmonary pressure, associated with 
unevenly perfused areas; by regional phenomena of uneven vasoconstriction; they 
result in a failure of the integrity of the alveolar-capillary barrier and an irregular 
pulmonary edema throughout the lung. This process continues with the breakdown 
of the alveolar-capillary barrier, producing leakage into the alveolar space of liquid, 
proteins and cells. This extravascular fluid in the alveolar spaces will make gas 
exchange difficult. If this is perpetuated, it will produce alveolar haemorrhage. 
There is a probable genetic component in the development of HAPE, not yet well 
studied, due to the interpersonal variability of the response to exposure in height 
[2, 5, 14].

�Clinic

As we discussed earlier, most experts consider AMS and HACE to be different 
stages of severity of the same process [7, 15].

�AMS Clinic

The onset of symptoms is highly variable. It can start very early, 1–2 h after the 
ascent, although it usually takes 6–12 h or up to 24 h. On the other hand, symptoms 
usually resolve within a day or two, if there is no further ascent.

J. A. R. Mateo-Sidron et al.
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Symptoms can be mild or very disabling. Among them mainly are headache, 
fatigue, light-headedness, anorexia, nausea, vomiting, and sleep disorders [16].

�HACE Clinic

What characterizes and makes HACE different from the rest of the pathologies of 
the HAI spectrum are the neurological symptoms and signs; these include altered 
level of consciousness, irritability, confusion, drowsiness, stupor, coma, gait distur-
bance. Ataxia is one of the most characteristic symptoms; they also tend to have 
tandem gait involvement and much less frequent finger-nose involvement [10, 
11, 15].

The appearance of general neurological signs should make us think about the 
probable evolution from AMS to HACE. This transition may be progressively or 
abruptly.

�HAPE Clinic

Initial symptoms usually appear 2–4 days after the ascent, although sometimes it 
occurs earlier. It occurs more often at night or after strenuous exertion. Development 
after a week at the same altitude is very rare.

The most frequent symptoms of HAPE at the beginning are non-productive 
cough and dyspnoea on exertion. This progresses to dyspnoea at rest or with mini-
mal effort, productive cough (pink, frothy sputum, or frank blood). All of this asso-
ciated with tachycardia, tachypnoea, tirage, or low-grade fever. Crackles are 
frequent. The highlight of this pathology is the great dissociation between the 
patient’s great hypoxemia and clinically finding a better patient than expected for 
this hypoxemia [4, 5].

The association between AMS / HACE and HAPE is frequent, especially as we 
increase in height [17].

One of the problems that are established to identify this pathology is that the 
symptoms are frequently confused with an infection of the upper respiratory tract or 
dyspnoea secondary to altitude or exhaustion.

There are another series of diseases related to altitude that we include in this sec-
tion, as they are not specific to altitude, although they usually appear in these 
conditions.

Acute hypoxia. High altitude pharyngitis and bronchitis. Headache at high altitude. 
High altitude syncope. Organic brain syndrome. Peripheral edema. Periodic sleep 
breathing. Ultraviolet keratitis. High altitude retinopathy. Hypothermia and frostbite. 
Deterioration at high altitude. Pulmonary edema. Monge’s disease, chronic mountain 
polycythaemia. High-altitude pulmonary hypertension. Pregnancy problems: pre-
eclampsia, hypertension, and low-birth-weight babies. T cell dysfunction [18–20].

1  Introduction to High Altitude Medicine
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�Diagnosis

�AMS Diagnosis

AMS is diagnosed clinically in those patient who, having recently ascended high 
altitudes (generally more than 2000 m), initiates typical symptoms referred to in the 
section (CLINIC SECTION) [21].

Diagnosis is made by physical examination, vital signs, laboratory values, and 
SpO2 oxygen saturation.

If the symptoms appear more than 2 days after reaching the altitude, there is 
absence of headache, and there is not an improvement after administration of sup-
plemental oxygen, this should make us consider an alternative diagnosis.

Radiographic or laboratory tests are not warranted unless the diagnosis is unclear 
[21–23].

There are diagnostic support scoring systems such as the Lake Louise AMS 
score (Table) [23]. Which is the most widely used standardized method today. 
There are another series of interesting tools such as Screening for acute mountain 
sickness.

�HACE Diagnosis

The diagnosis is clinical, we must suspect it in a patient who makes an ascent in 
height and initiates neurological symptoms and signs (CLINICAL SECTION). The 
complementary tests are only useful to exclude other diagnoses, except brain mag-
netic resonance imaging (MRI).

In laboratory tests, an increase in the white series stands out. There is usually 
hypoxemia, respiratory alkalosis, and low saturation in pulse oximetry. CSF bio-
chemistry will be normal, with increased opening pressure. The chest radiograph 
may reveal pulmonary edema or be normal. Brain computed tomography (CT) may 
show brain edema and signal attenuation [21, 23, 24].

Finally, in MRI, it is the most useful test, the characteristic pattern of magnetic 
resonance is observed, consisting mainly of involvement of the corpus callosum - 
preferably in the splenium (SCC). In FLAIR sequence, a lesion is marked in SCC, 
confirmed by DWI, with increased values ​​in the apparent diffusion coefficient 
(ADC), which indicates a greater diffusion of the water compatible with vasogenic 
edema. The MRI can remain altered for days or weeks, highlighting that hemosid-
erin deposits could remain for years. There is no correlation between MRI severity 
and subsequent clinical outcome [25, 26].

J. A. R. Mateo-Sidron et al.
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2018 Lake Louise acute mountain sickness score

Headache
0 
points

None at all

1 
points

A mild headach

2 
points

Moderate headache

3 
points

Severe headache, incapacitating

Gastrointestinal symptoms
0 
points

Good appetite

1 
points

Poor appetite or nausea

2 
points

Moderate nausea or vomiting

3 
points

Severe nausea and vomiting, incapacitating

Fatigue and/or weakness
0 
points

Not tired or weak

1 
points

Mild fatigue/weakness

2 
points

Moderate fatigue/weakness

3 
points

Severe fatigue/weakness, incapacitating

Dizziness/light-headedness
0 
points

No dizziness/light-headedness

1 
points

Mild dizziness/light-headedness

2 
points

Moderate dizziness/light-headedness

3 
points

Severe dizziness/light-headedness, 
incapacitating

AMS clinical functional score
Overall, if you had AMS symptoms, how 
did they affect your activities?

0 
points

Not at all

1 
points

Symptoms present, but did not force any 
change in activity or itinerary

2 
points

My symptoms forced me to stop the ascent 
or to go down on my own power

3 
points

Had to be evacuated to a lower altitude

1  Introduction to High Altitude Medicine
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�HAPE Diagnosis

It develops in those patients who, after an ascent, start the respiratory symptoms 
previously referred to (CLINIC SECTION). The diagnosis, as in the other patholo-
gies related to the height, is based on the history and the physical examination.

Outstanding findings on examination include tachycardia, tachypnoea, tracing, 
low-grade fever, and lung crackles. The oxygen saturation by pulse oximetry is 
significantly decreased below that expected for altitude. Laboratory tests are not 
specific for diagnosis. The white series, brain natriuretic peptide (BNP), troponin 
may be elevated. [27, 28].

Chest X-ray may be helpful with chest X-ray. In it, bilateral alveolar infiltrates - 
very rare unilateral involvement - are usually observed, patchy predominantly in the 
right central hemithorax - not always -, which increase in size and converge with the 
progression of the disease [21, 28–30].

Chest computed tomography (CT) usually shows patchy lobular ground glass 
and consolidation opacities, reflecting a heterogeneous alveolar filling.

Echocardiography reveals an increase in pulmonary artery pressure and, occa-
sionally, a dysfunction of the right heart. Lung ultrasound detects an increase in 
extravascular lung water consisting of B lines [31].

�Differential Diagnosis (DD)

�AMS DD

The AMS generates doubts at the time of diagnosis, since it has a heterogeneous 
clinic that can be confused with exhaustion or a viral clinic, like influenza, asthenia, 
generalized fatigue, myalgia, headache, exhaustion. On other occasions it is con-
fused with dehydration - thirst, weakness, headache, and nausea- (the latter with a 
good response to fluid replacement) [4, 32, 33].

�HACE DD

Hypothermia and taking medications can cause neurological alterations, so we must 
keep them in mind when establishing the diagnosis of HACE. When a focal neuro-
logical affectation is present (hemiparesis, speech alteration or a visual deficit) it 
should make us consider an alternative diagnosis (ischemic stroke, haemorrhage). 
There is an extensive list of pathologies with which to perform the differential 
diagnosis.

Ingestion of toxins, carbon monoxide toxicity, anxiety, brain neoplasms, 
Diabetic ketoacidosis, hypoglycaemia, hyponatremia, hypothermia, brain 
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abscess, infection, Guillain-Barré syndrome, intracranial haemorrhage, ischemic 
stroke, transient ischemic attack, migraine, dehydration, King’s syndrome [15, 
32, 33].

�HAPE DD

The main DD of HAPE is infectious. To differentiate it from pulmonary infectious 
pathology, we can help ourselves with the little clinical expressiveness of the picture 
in relation to the great hypoxemia and radiological affectation that the patient pres-
ents; as well as a good response to the supplementary oxygen therapy administered 
and the decrease in height. On the other hand, infectious pathology usually lasts 
longer. Pneumonia, although it can coexist with HAPE, is rare.

DD includes viral upper respiratory infection, pneumonia, bronchospasm, 
asthma, acute decompensated heart failure, exercise-associated hyponatremia, myo-
cardial infarction, pulmonary embolism and pneumothorax [1, 5, 28, 33]

�Treatment

�AMS and HACE Treatment

Decrease in height is the best measure for AMS and HACE treatment. It is neces-
sary in cases of progression of AMS, severe disease or HACE. The resolution of 
symptoms is variable for everyone, but usually improves after the descent from 300 
to 1000 m [1].

Administered supplemental oxygen improves AMS symptoms and may serve as 
an alternative to descent or when symptoms are severe. Its use is necessary in cases 
of severe AMS progression or HACE [1, 35].

Portable hyperbaric chambers are effective in treating severe AMS or 
HACE. Symptoms improve significantly, but they usually reappear within 12 h. Its 
use should not delay the descent [1, 34, 35].

Acetazolamide treatment accelerates acclimatization to high altitudes. Only one 
study has examined it for the treatment of AMS, most use it in prevention. The dose 
studied was 250 mg every 12 h (72), although the usual dose is 125–250 mg twice 
a day (up to 750 mg a day) [1, 34, 36].

Dexamethasone is effective in improving symptoms, but it does not facilitate 
acclimatization. It should be used in moderate / severe AMS or HACE as soon as it 
is available. There are few studies, but extensive experience with its use in this 
pathology. The recommended dose is an 8 mg dose followed by 4 mg every 6 h until 
symptoms resolve. It can be used alone or in combination with acetazolamide [1, 
34, 36].

1  Introduction to High Altitude Medicine
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As in all patients, we must assess ABCDE. Monitor the HACE patient for the 
probability of a low level of consciousness and the need for airway isolation. In 
addition, it is vitally important to monitor hypotension that may have repercussions 
in a probable cerebral ischemia due to alteration of cerebral autoregulation. On the 
other hand, once in a hospital centre, monitor intracranial pressure (ICP) to initiate 
general measures to control intracranial hypertension, if necessary, to avoid second-
ary brain damage.

�HAPE Treatment

Although some treatments are the same for HAPE as for AMS / HACE, there are 
some differences, due to the pathophysiological difference of the disease.

The descent is indicated, when possible or when oxygen therapy treatment does 
not improve symptoms. It is also important to reduce physical activity to a mini-
mum, as well as increasing the temperature [1, 34].

Supplemental oxygen is the vital part in the treatment of HAPE. When available, 
it should be given to achieve an SpO2 goal of>90% to relieve symptoms. Decreases 
hypoxemia, reduces pulmonary artery pressure, reverses capillary leak, and 
improves symptoms [1, 34].

The use of portable hyperbaric chambers should not delay descent in situations 
where descent is feasible. It can be combined, if available with oxygen therapy, 
pharmacotherapy. There are no systematic studies, but if it is collected in the litera-
ture. In the hospital environment, being at a lower altitude and having high-flow 
oxygen therapy; the use of hyperbaric therapy is usually not necessary [1, 34].

There is no systematic evidence that CPAP or EPAP improves patient outcomes 
compared to oxygen alone or in conjunction with medications [1, 37].

Nifedipine works by reducing pulmonary vascular resistance and pulmonary 
arterial pressure. Its usefulness is based on a single study, and it is proposed that it 
can be used as an adjuvant therapy when there is no oxygen available or portable 
hyperbaric chamber, or when the descent is difficult. Prospective study proposed 
little utility. Recommended dosages vary, but a common regimen is to administer 
30 mg (slow-release formulation) every 12 h [1, 34, 38].

There is little evidence of the use of beta-agonists in HAPE. Although they could 
be useful [1].

The use of PDE-5 phosphodiesterase inhibitors: Sildenafil and tadalafil produce 
pulmonary vasodilation and decrease the pressure of the pulmonary artery. No sys-
tematic study has evaluated it, but physiologically it seems that they may be useful. 
Its use is considered as a therapy when there is no available oxygen or portable 
hyperbaric chamber, or when the descent is difficult and nifedipine is not available. 
Avoid combined use of nifedipine and sildenafil or tadalafil should be avoided due 
to risk of hypotension [1, 39].

Regarding the use of dexamethasone, there is discrepancy among the experts. A 
priori it could be useful (prevention of HAPE, reduction of lung inflammation). No 
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study has established whether it is effective. There is no recommendation in this 
regard. If may be useful when coexisting with AMS / HACE [1, 40].

�Prevention

Within prevention, it is important to carry out a physical examination, as well as a 
clinical interview before the ascent; so we can predict those people with a higher 
risk of developing disease at altitude.

Those people who have been to a high altitude before, knowing the behaviour 
that they have previously had, will serve as a predictor of behaviour when they are 
exposed to that same height. We have the biggest problem in those people who have 
never been exposed to heights; for this, there is a model to identify people at risk of 
suffering a serious altitude illness, although this model is currently being questioned 
[22, 41].

�AMS/HACE Preventive

Gradual ascent is a very useful measure in preventing disease. A gradual ascent is 
recommended, planning the ascent speed, and above all, even more importantly the 
overnight altitude [1, 34].

Acetazolamide should be taken prophylactically, in people at moderate or high 
risk of AMS with high-altitude ascent. Facilitates acclimatization. The recom-
mended prophylaxis dose for adults is 125 mg every 12 h (up to 750 mg daily) 
[1, 34].

Dexamethasone does not facilitate acclimatization. There is a benefit in prevent-
ing AMS. Doses are 2 mg every 6 h or 4 mg every 12 h (Consider even 4 mg every 
6 h in very high-risk situations). It can be used as an alternative to acetazolamide for 
adult travellers at moderate or high risk of AMS [1, 34].

Acetazolamide and dexamethasone should be started the day before the ascent, 
but still have beneficial effects if started on the day of the ascent.

Ibuprofen can be used for the prevention of AMS in people who do not want to 
take other preventive medication.

The use of paracetamol or budesonide inhaled is not recommended [1].
When possible, ascent in stages and pre-acclimatization can be considered as a 

method of prevention of AMS. In literature it is not studied at all. It seems, is that 
spending 6–7 days at a moderate altitude (2200–3000 m) before proceeding to a 
higher altitude reduces the risk of AMS [1, 34].

Hypoxic tents can be helpful in facilitating acclimatization and prevention of 
AMS, provided sufficiently long exposures are taken regularly.

Products derived from coca or Gingko biloba, reduced AMS in some trials, but 
in others. No recommendation can be made [1, 42].
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Other methods without evidence: antioxidants, iron, dietary nitrates, leukotriene 
receptor blockers, phosphodiesterase inhibitors, salicylic acid, spironolactone, and 
sumatriptan, “forced“or “excessive” hydration [1].

�HAPE Preventive

Some of the prophylactic methods are the same for AMS / HACE as for HAPE, 
important differences in pathophysiology establish small changes.

A gradual ascent is the main method of preventing HAPE. Although it is true that 
no studies have evaluated it prospectively, there is a clear relationship between the 
rate of ascent and the incidence of diseases [1, 34, 39].

Nifedipine is recommended for the prevention of HAPE in people susceptible to 
HAPE. The recommended dose is 30 mg prolonged-release every 12 h. It should 
start the day before the ascent and continue until the descent begins or 4–7 days 
have passed at the highest elevation [1, 34, 39].

Tadalafil can be used for the prevention of HAPE in known susceptible individu-
als who are not candidates for nifedipine [1, 34, 39].

Dexamethasone can be used to prevent HAPE in known susceptible individuals 
who are not candidates for nifedipine and tadalafil [1, 34, 39].

Acetazolamide accelerates acclimatization and should be effective in prevention. 
If that could be recommended for prevention in people with a history of HAPE [1, 
34, 39].

Salmeterol is not recommended for HAPE Prevention [1, 34].
Pre-acclimatization and staggered ascent: No studies have examined this in 

HAPE. But it seems clear that it would be recommended [1, 34].

�Question Discussion

We have already discussed many of the controversies throughout the topic, and we 
will leave many others behind; but I would like to emphasize the following.

Is there increased cerebral blood flow in patients with AMS?
Hypoxemia produced by AMS may involve increased cerebral blood flow (CBF). 

The CBS is not clear that there are differences between those with and without 
AMS. There are controversial results, possibly due to changes in the diameter of the 
middle cerebral artery (CBS remained unchanged); changes in internal carotid 
artery diameter were not correlated with high altitude headache [36, 43].

What is the dose of acetazolamide in prophylaxis?
Acetazolamide is important in the prophylaxis of AMS. There is much debate 

about the appropriate dose. Most studies suggest that 125 mg twice a day is suffi-
cient, but higher doses may be necessary in too rapid ascents and / or ascents to very 
high final altitudes [1, 36, 44].
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Is the use of intermittent hypobaric or normobaric hypoxic exposures useful 
prior to ascent?

Studies have reported conflicting results regarding intermittent hypobaric or nor-
mobaric hypoxic exposures, with some studies showing benefit and others showing 
no clear effect [45, 46].
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Chapter 2
History of High Altitude Medicine

Ahsina Jahan Lopa, Ranajit Chatterjee, and Sharmili Sinha

�HAPE

�Introduction

Human race has always been eager for the quest to reveal the unknown, to reach 
unimaginable destinations, to explore the depth of the deepest ocean or to climb and 
conquer the inaccessible mountain peaks. The thirst of climbing the snow-capped 
mountains, in extreme cold and thin air, lead to numerous ailments. Many fell ill and 
lost their lives, haunted by the wrath of nature. Slowly but steadily however, man-
kind started getting acquainted with these unusual ailments. As the number of expe-
ditions increased, a new science developed- high altitude medicine. In modern 
times, millions of people, many of them amateurs, rush for pure recreation and 
adventurism. This chapter aims at going to the depth of this interesting development 
which took place over centuries.
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�History of High-Altitude Medicine

That high altitude can have deleterious effects on the body has long been recog-
nized. Perhaps the first reference to illness associated with altitude was recorded 
nearly 2000  years ago by Tseen Hanshoo, who described the “Great and Little 
Headache” mountains on the journey along the Silk Road [1]. A description of a 
monk foaming at the mouth during the ascent of a mountain pass in AD 403 is 
believed to have been a form of high-altitude sickness [2].

�Soroche and Puna

Breathlessness due to lack of oxygen at high altitudes was misinterpreted though 
ages . In the sixteenth century, there is a popular belief that the air of the mountain 
is poisonous known as the “Sickness of the Andes” or “Soroche”. In certain parts of 
Peru and Bolivia this was also called “Puna”. People of Europe never experienced 
this phenomenon until thy started exploring the heights of Mt. Blanc in eighteenth 
century.

�Ballooning and High Altitude

Beginning with the eighteenth century, ballooning has continually achieved higher 
altitudes. From Charles’s 3000-metre (10,000-foot) ascent in 1783 to U.S. Army Air 
Corps Capt. Hawthorne C. Gray’s fatal ascent to 12,950 metres (42,470  feet) in 
1927, the maximum altitude was only limited by the pilot’s need for oxygen. Paul 
Bert was the first person to clearly state that the deleterious effects of high altitude 
were caused by the low partial pressure of oxygen (PO2), and later research was 
accelerated by high-altitude stations and expeditions to high altitude [3].

�Exploring the Everest

Harsh weather conditions had spoilt many near successful events and lot of lives 
had been lost in those great heights. Also, the rumours of unseen but ferocious and 
ghostly creatures had also been circulated amongst travellers. On June 8 1924, 
George Mallory and Andrew Ivrine was observed within 600 ft. from the peak by 
fellow photographer and climber Noel Odell. But they were swept away by an enor-
mous storm. Mallory’s body was recovered after 75 years in 1999. Surprisingly, he 
was remarkably intact. History was created when Sir Edmund Hillary and Tenzing 
Norge conquered the highest peak on earth, the invincible mount Everest in 1953. 
In 1960, Charles Houston, an Aspen internist, described noncardiogenic pulmonary 

A. J. Lopa et al.

https://www.britannica.com/dictionary/altitudes
https://www.britannica.com/science/oxygen


19

edema i.e. high-altitude pulmonary edema (HAPE), in a healthy 21-year-old cross-
country skier.[4] More “firsts” followed, over the next three decades. Junko Tabei, a 
Japanese teacher, climbed the peak in 1975. The first solo ascent by Reinhold 
Messner was an incredible feat as the first traverse (up one side of the mountain and 
down the other) and the first descent on skis.

�Conquering the Height Without Oxygen

But all of these climbers had relied on bottled oxygen to achieve their high-altitude 
feats. Could Mt. Everest be conquered without it? As early as the 1920s, mountain 
climbers debated the pros and cons of artificial aids. One, George Leigh Mallory, 
argued “that the climber does best to rely on his natural abilities, which warn him 
whether he is overstepping the bounds of his strength. With artificial aids, he exposes 
himself to the possibility of sudden collapse if the apparatus fails.” In 1920, the 
British physiologist Alexander M. Kellas predicted that “Mount Everest could be 
ascended by a man of excellent physical and mental constitution in first-rate train-
ing, without adventitious aids if the difficulties are not too great. “The philosophy 
that nothing should come between a climber and his mountain continued to have 
adherents 50 years later. In 1960–1961, Sir Edmund Hillary concluded that oxygen 
levels at the summit of Mt. Everest were only enough to support a body at rest—and 
that the oxygen demands of a climber in motion would certainly be too great. But 
nothing seems to be impossible for mankind. Sometime between 1 and 2  in the 
afternoon on May 8, 1978, Reinhold Messner and Peter Habeler achieved what was 
believed to be impossible—the first ascent of Mt. Everest without oxygen. Messner 
described his feeling: “In my state of spiritual abstraction, I no longer belong to 
myself and to my eyesight. I am nothing more than a single narrow gasping lung, 
floating over the mists and summits. The feat of these two gentlemen (termed by 
many fellow climbers as lunatics) puzzled the whole medical community and forced 
them to rethink about the unexplored areas of human physiology. The large number 
of Indian troops stationed in the Himalayas provided further description of HAPE 
in otherwise healthy young men.5 In 1991, a group of experts met to define criteria 
for the diagnosis of illnesses associated with high altitude. These are known as Lake 
Louis Criteria.

�The “Great and the Little Headache”

The history of scaling heights started 2000 years ago by travellers travelling through 
the silk route from China to India. One of the principle difficulties they faced was 
headache. Tseen Hansoo described this headache while writing his experience trav-
eling the silk route [5]. He named the area “Great Headache Mountain” and “Little 
Headache Mountain.” Modern evidence that headache occurs frequently at high 
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altitude comes from studies of people living in the South American Andes and from 
soldiers of the Indian Army who moved frequently between sea level and altitudes 
up to 6000 meters in the Himalayas [6].

Headache is a common symptom in almost half of the thousands of people who 
Ski, trek or climb, at heights over 3000 meters (9900  feet). Mexico City is at a 
height of 2240  m from sea level. The Mexico city Olympics of 1968 witnessed 
migraine headache occurring more frequently amongst athletes and specterors than 
Olympics held at lower altitudes.

Headache may be a prominent symptom in people with chronic exposure to high 
altitude. A door-to-door population-based epidemiological study of the prevalence 
of migraine and headache in a sample of 3246 people older than 15 years of age was 
carried out in Cuzco, a high-altitude town in the Peruvian Andes, located at 3380 m. 
Among the 3246 screened people, there were 172 cases of migraine and 930 cases 
of headache, yielding a crude 1-year prevalence of 5.3% for migraine (2.3% among 
men and 7.8% among women) and 28.7% for headache (17.5% among men and 
38.2% among women). The prevalence of headache was higher at high altitudes 
than at sea level [7].The incidence of High altitude headache is directly proportional 
to age because the lungs’ efficiency in supplying oxygen to the body declines with 
age in all individuals, oxygen levels in the blood may decrease even further with 
advancing age in those who reside at high altitudes. Since migraine occurs more 
commonly when the blood level of oxygen falls, this might explain why headaches 
seem to increase with age in those who live at higher altitudes.

We now recognize that nearly one in four people who ascend to 2600  m 
(8500 feet) above sea level develop symptoms referred to as acute mountain sick-
ness (AMS). Headache is the most prominent symptom of AMS and may be accom-
panied by other symptoms including Sleep disturbances, Loss of appetite, Nausea, 
Dizziness, Vomiting,Fatigue and Weakness.

The most important variables affecting the incidence of AMS according to stud-
ies include an individual’s birthplace, acclimatization in the week before the travel, 
the rate of change in altitude and days of rest while ascending. Rest days were most 
potent protective variable.

�How Can You Identify with Acute Mountain 
Sickness Headache?

Mountaineers slowly started learning the symptoms and signs of AMS headache. 
This unique headache is usually intense, throbbing and is either generalized or in 
the forehead. It develops within 6 h to 4 days of arrival at high altitude and can last 
for up to 5 days. The headache often worsens with exertion, coughing, straining or 
lying flat. Facial flushing, eye redness and sensitivity to light may accompany head-
ache. The headache does not appear to be the result of low blood oxygen (hypoxia) 
alone because the attack often doesn’t begin for hours to days after thriving at the 
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higher altitude. Furthermore, oxygen therapy does not usually relieve the headache. 
Fortunately, these headaches generally go away after descent to sea level, although 
in unusual instances the headache may persist for several days to months. The 
underlying cause of the headache remains unknown. Swelling of blood vessels has 
been considered as a potential cause, but not confirmed with experimental studies. 
Some experts feel that the brain swells with increased pressure within the headache, 
but no direct evidence exists for this explanation either.

In addition to these medications, there are several tricks to avoiding or limiting 
the discomfort of adjusting to high altitude for those who are susceptible, mountain-
eers started learning as to how to tackle headache by simply by avoiding dehydra-
tion, gradual ascent with adequate rest. Medicines developed gradually over years 
and headache now can easily be managed. The whole process of learning took 
decades.

�Conclusion

In this way, slowly but steadily, mankind started to explore the unknown, scaled the 
greatest heights, learnt the skills to conquer it even without supplemental oxygen, 
won over severe headache and acclimatised with this most adverse of environments. 
I salute those unsung heroes whose sacrifice today gives us the courage to write 
such a book.
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Chapter 3
Genetics in High Altitude Medicine

Prithwis Bhattacharyya, Prakash Deb, and Debasis Pradhan

�Case Scenario

A team of four young people who are inhabitants of low altitude areas of Indian 
subcontinent went for an expedition in one of the mountain peaks in Nepal with an 
altitude of ~7000 m. The team had an expert High altitude climbing Sherpa along 
with porters who are inhabitants of high-altitude Himalayan ranges. On reaching an 
altitude of 4700 m some of the team mates started having headache, nausea and 
breathlessness. They had tachycardia, low SpO2 (~78–84%) detected in pulse 
oximeter. They were given supplemental oxygen and symptoms improved. To the 
surprise of the teammates, one member in their group had climbed to the destination 
even without a single episode of discomfort or any complain comparable with the 
sherpa and the potters.

Q. What could be the probable reason of this medical condition in the group mem-
ber? What are the other complications possible in high altitude climbers? Why 
was the group member or the Sherpa resilient to the high-altitude changes?

A: The symptoms are suggestive of Acute Mountain Sickness, which develops due 
to low barometric pressure of oxygen in high altitude leading to some physiolog-
ical changes in an attempt to increase oxygen delivery to the vital organs. High 
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altitude illness may be in the form of High-altitude loss of appetite, headache, 
pulmonary hypertension, pulmonary edema or cerebral edema etc.

There are phenotypic differences in the individuals residing at high altitude like 
Sherpas with that of low altitude dwellers. These changes help adapt them not 
only to the low oxygen conditions but also to the extreme physical excursion. 
There are advantages of natural selection to this group of people and is still ongo-
ing. Genes responsible for the adaptative changes have been studied and are dis-
tinct even in different high-altitude inhabitants. Even with same types of physical 
built or rate of ascent or time for acclimatization, susceptibility to high altitude 
sickness is also different among low altitude dwellers which may be due to vari-
ants in genetic loci.

�Introduction

Human physiology experiences diverse adaptive changes in high altitude in 
response to low atmospheric oxygen. Some of the changes are acute occurring in 
people living at the sea level reaching to high altitude, while others are consistent 
with high altitude inhabitants. Some of the conditions are common and easily 
reversible with descend, increasing inspired fraction of oxygen or barometric 
pressure as in passenger aircraft. Complications like High altitude pulmonary 
edema and High-altitude cerebral edema are life threatening and requires immedi-
ate recognition and treatment. The ability to tolerate hypoxia and the susceptibility 
to high altitude illnesses are different amongst the natives of different high-alti-
tude locations. Extensive researches in this field found many phenotypic differ-
ences in high altitude Tibetans, Andeans, Chinese and Ethiopian population and a 
potential link with genetic changes has been described. Some populations have 
been exposed to the chances of natural selection and the process is ongoing lead-
ing to different levels of tolerance and adaptative changes in hypoxic conditions.

�Role of Genetics in High Altitude Adaptation

Acute mountain sickness occurs in low landers due to sudden ascent to high 
altitude (≥ 2500 m) and is attributed to the less barometric pressure of oxygen 
in alveoli and blood. To sustain vital function in spite of less availability of oxy-
gen, there is requirement of higher oxygen delivery and need to increase basal 
metabolic rate in this population which manifests itself through different signs 
and symptoms. For high altitude dwellers, the maximum oxygen consumption 
rate or aerobic capacity is comparable with the people living at sea level and is 
higher than the low altitude people who climbed to high altitude level. High 
landers have adapted well to low level of hemoglobin to maintain oxygenation 
even during heavy physical excursion. Prevalence of High-altitude headache and 
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Acute Mountain sickness in low landers reaching high altitude compared to high 
altitude inhabitants show an advantage of natural selection in population who 
settled there thousands of years ago, which is evident on recent genomic studies.

People migrated to high altitude locations from their places of origin under vari-
ous survival challenges. Over thousands of years of inhabitation have given them 
the privilege of natural selection to settle with a lower basal metabolic rate, higher 
aerobic capacity and other hematological and cardiorespiratory adjustments. The 
evolutionary steps are however distinct among different groups of people residing in 
high altitude locations in different parts of the globe.

For example, Tibetans have higher resting minute ventilation and hypoxic 
ventilatory response compared to Andean high landers. These are dominant 
adaptive changes seen in low landers exposed acutely to high altitude in an 
attempt to increase oxygen delivery and increase dramatically to a high level 
acutely and settle down to a lower range over days and months. The change in 
adaptive features among different groups of high-altitude residents are not uni-
form which raised the possibility of distinct genetic factors. Beall C M described 
in details about other phenotypic differences between Tibetans and Andeans and 
pointed towards different evolutionary routes towards the adaptive changes in the 
high-altitude conditions necessitating the identification of responsible genes and 
their connection to the adaptive behavior in these high-altitude dwellers. Both 
Andeans and Tibetans have adapted well to high altitudes; However, there are 
phenotypic differences and the tolerance to mountain sickness along with evi-
dence of genetic deviations. Chronic mountain sickness developing in highland-
ers is a result of multiple phenotypic changes happening secondary to the 
attempts of adjustment to low oxygen level. Most of the features are neurological 
like headache, dyspnea, somnolence, depression, tiredness. Palpitation etc. and 
are attributed to the polycythemia and higher blood viscosity. The prevalence of 
mountain sickness is higher in Andean highlander of south America (10–15%) 
compared to Tibetans due to higher erythropoietin secretion in response to lower 
atmospheric oxygen. These individuals are susceptible to the development of 
stroke, ischemic heart disease at an early age. Excessive erythropoiesis leads to 
pulmonary hypertension and predispose them to right ventricular failure [1, 2, 3]. 
The hypoxia is the basis of these symptoms in high altitude as evidenced by 
reversal of the conditions on descending or by phlebotomy. The lesser incidence 
of pulmonary hypertension in Tibetan may also be due to higher production of 
Nitric oxide and a less profound hypoxic pulmonary response compared to low 
landers and other high landers.

�Hypoxia Inducible Factor Pathway

To understand the variability of the predisposition between low and high landers 
and also amongst different high-altitude populations we will explore the available 
researches and evidences on the pathways leading from hypoxia exposure to 
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outcome and their link to different genes. Dr. Gregg L Semenza identified the 
Hypoxia inducing factor, a transcriptional factor which acts as master switch by 
sensing oxygen in body. They transfer the genetic information from a DNA sequence 
to mRNA. In response to hypoxia there is an increase in the concentration of HIF α 
which binds to HIF β to affect the release of hypoxia response elements (HRE). 
These transcription factors have control over the genes that mediate multiple physi-
ological responses happening in the high-altitude residents at low oxygen concen-
tration and these are:

•	 Regulation of genes involved in erythropoiesis
•	 VEGF induced by HIF has been linked to the pro-angiogenetic activity.
•	 Regulation of mitochondrial function and energy utilization
•	 Control of Nitric oxide metabolism genes, controlling pulmonary vasodilatation 

and pulmonary artery hypertension
•	 Regulating genes for anaerobic metabolism
•	 Carotid body chemosensory response [4]

�Genes Identified in High Altitude Adaptations

Advancement in technologies of genomic studies like candidate gene sequencing, 
SNP genotyping arrays, whole exome sequencing, microarray etc. has helped make 
a remarkable progress in High Altitude Medicine by identifying the possible areas 
of interest in whole genome. Genome wide Association studies can be applied to 
find correlation between a specific Genotype and adaptive phenotype in different 
high-altitude dwellers [5]. Multiple genes have been identified in the last few years 
of extensive research in the field of genetic adaptation of high-altitude inhabitants 
and some of them are:

Peroxisome proliferator activated receptor alpha (PPARA), Endothelial PAS 
domain protein – 1 (EPAS 1), Egl-9 family hypoxia inducible factor 1 (EGLN1), 
hypoxia inducible factor 1 alpha subunit (HIF 1A), hypoxia inducible factor 1 
alpha subunit inhibitor (HIF1AN), Nuclear factor erythroid 2-like 2 (NFE2L2), 
Protein Kinase AMP Activated catalytic subunit alpha 1 (PRKAA1), Acidic 
Nuclear Phosphoprotein 32 Family Member D (ANP32D), SUMO specific pepti-
dase 1 (SENP1), Aryl Hydrocarbon Receptor Nuclear Translocator 2 (ARNT 2), 
Thyroid Hormone Receptor Beta (THRB), Histidine rich glycoprotein (HRG), 
cytochrome p450 family 1 (CYP1B1), Vascular Endothelial Growth factor A 
(VEGFA) etc.

The genetic variation in the populations of different high-altitude regions have 
been described long back and the need for extensive research had also been felt. 
Numerous studies have been conducted in the last two decades and have led to the 
identification of numerous genetic variants, mutation and their phenotypic out-
comes in both high-altitude populations and the low altitude susceptible.
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EPAS1 (Endothelial PAS domain protein 1) located on chromosome 2 encodes 
for HIF2 α which is responsible for various hypoxic responses in high altitude as 
described earlier. Genetic variants in EPAS1 have been linked to the downregulation 
of erythropoietin under hypoxic conditions in Sherpas, a Tibetan ancestry known 
for their capacity to tolerate high altitude. Single nucleotide polymorphisms (SNPs) 
occurring in EPAS1 gene has been implicated in adaptation to the high altitude and 
reduced incidence of mountain sickness in Tibetan population [6]. Similarly, poly-
morphisms in EPAS1 gene have been described in Chinese Han population which 
make them less susceptible to high altitude headache. It is clear that presence of an 
adaptive allele i.e. a particular genotype makes a population suffer less than 
another [7].

SNP of rs6756667 EPAS1 gene has been linked to lowering the risk of high-
altitude appetite loss though the mechanism of it is not well established. PPARA 
gene located in chromosome 22 is responsible for the higher risk of high-altitude 
appetite loss in Chinese Han population and exerts its action through the PPAR 
alpha, a transcription factor responsible for regulating genes involved with glucose 
and lipid metabolism. Increased Insulin release secondary to gluconeogenesis stim-
ulated by PPAR alpha in response to hypoxia leads to elevated risk of appetite loss 
[8]. Variants of EPAS1 and VEGFA genes may make individuals susceptible to the 
development of acute mountain sickness, which may be used to screen the at-risk 
population before reaching high altitude. EGLN1 decrease hydroxylation of HIF 1 
alpha during hypoxia. EGLN1 mutation has been linked to the erythropoiesis.

Placental circulation, fetal growth and pregnancy outcome is influenced by 
hypoxic conditions. However, the high-altitude Tibetans and Andeans have many 
phenotypic adaptations and changes leading to better fetal weight and outcomes 
compared to Chinese and European counterparts, changes been linked to the SNP of 
PRKAA1 locus which is otherwise associated with diseases like WPW syndrome 
and myotonia. Unlike Tibetan population, where EGLN1, EPAS1 SNP is linked 
with hemoglobin concentration, Ethiopian high landers have demonstrated two 
genes, ARNT2 and THRB which are linked to the hemoglobin concentration via 
HIF pathway during adaptation to hypoxia [9]. Mutation in BHLHE41 gene reduce 
sleep quota and adapting to the consequences of less sleep. The same gene has also 
been found to have interaction with hypoxia adaptation in Ethiopian highlanders [9].

In a study conducted on Chinese Han soldiers, Allele T in one single Nucleotide 
Polymorphism, rs2070699 of EDN1 gene has been found to correlate with occur-
rence of acute mountain sickness. So, EDN1 gene polymorphism may be a pre-
dicted genetic factor in acute mountain sickness. This was associated with increased 
tryptophan and serotonin level in TT/TG genotype in SNP rs2070699.

ANP32D, SENP1 genes have been identified in Andean high landers and their 
downregulation has been implicated in the adaptability in hypoxic conditions [10].

Similarly, ACE gene polymorphism has been linked to the higher oxygen satura-
tion in peruvian Quechua high landers though there are conflicting data regarding 
higher presence of the same in sea level residents also [11]. Carriers of three gene 
variants MTMR4, TMOD3, VCAM1 have been found to be protective in those 
Highlander Kyrgyz who are known to be protected from high altitude pulmonary 
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hypertension. A specific haplotype located at HIF 2 alpha (EPAS1) gene have been 
found in high altitude pulmonary hypertension susceptible individuals [12]. High 
altitude pulmonary edema susceptible mountaineers also had two mutations in gene 
HRG and CYP1B1. Dysregulation at these two loci leads to increased tendency of 
vascular permeability leading to edema.

�Conclusion

The role of genetics in high-altitude acclimatisation and disorders is well known 
and there has been ongoing research in this domain over last two decades, thanks to 
the availability of advanced genomic study tools. One important aspect of genomic 
study in High altitude medicine is the possible therapeutic application as some of 
the most commonly implicated genes like EPAS1, EGLN1 can be targeted by phar-
macological agents [13]. This can be considered as potential therapeutic interven-
tion in mountain sickness, pulmonary vascular disease and other vascular events. 
Some individuals who are at high risk of developing the high attitude illness can be 
screened prior. Understanding genetic basis of many adaptive changes may allow 
the scientists to explore newer pathways and links to phenotypes, the same may also 
have implications even in disorders distinct from High Altitude illness.
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Chapter 4
High Altitude Medicine, Its Relevance 
and Classification According to Meters

Jorge Enrique Sinclair De Frías, Jorge Sinclair Avila,  
Sabrina Da Re Gutierrez, and Jorge Hidalgo

�Introduction

Millions of visitors travel to high altitude recreation areas in the United States, cen-
tral and south Asia, Africa, and South America each year. In addition, millions of 
individuals worldwide live in large cities above 2500 m (8 200 ft) such as El Alto 
(4150 m) and La Paz (3640 m) in Bolivia, Quito (2850 m) in Ecuador, and Bogotá 
(2620 m) in Colombia.

Travelling to high altitude exposes the human body to a variety of stresses: 
extremely low temperatures, high velocity winds, low humidity, high intensity solar 
radiation, and reduced atmospheric pressure. Moreover, the state of sub-optimal O2 
availability in tissues and organs leads to deficiencies in biological processes [1]. 
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Physiological changes during ascent will depend on factors such as degree of change 
in elevation, degree of hypoxia, rate of ascent, level of acclimatization, exercise 
intensity, previous history of severe high-altitude illness, genetics, and age [2].

Incidence and severity of altitude illness are directly related to elevation and 
rapidity of ascent. Lowlander visitors who rapidly travel to high altitude are at 
greater risk of developing acute altitude illness as a rapid ascent does not allow an 
adequate acclimatization. Acute illness includes acute mountain sickness (AMS), 
high-altitude pulmonary edema (HAPE), and high-altitude cerebral edema 
(HACE); being HAPE the leading cause of death from altitude illness. HAPE 
incidence varies from 0.01% to 2% in most studies [3]. HACE is less common 
than AMS, however it carries a worse prognosis if not quickly recognized and 
treated. HACE and HAPE are more common with a longer duration of visit and 
higher sleeping altitude. On the other hand, highlanders or permanent residents do 
not suffer from acute altitude illness; however, they can be affected by chronical 
conditions such as chronic mountain disease and high-altitude pulmonary 
hypertension.

Clinicians working in or near mountainous areas must be familiarize with the 
presentation and management of high-altitude illness. In addition, all health care 
providers are frequently consulted with questions of prevention and treatment of 
high-altitude medical problems; therefore, a better understanding of physiologic 
and deleterious effects of high altitude is essential.

�Definition [3, 4]

High Altitude: 1500 m to 3500 m (4 921 ft. to 11,483 ft)
Lower partial pressure of inspired oxygen (PIO2) results in a decreased exercise per-
formance, increased ventilation with lowering of arterial partial pressure of carbon 
dioxide (PaCO2), and minor impairment of arterial oxygen transport with an arterial 
oxygen saturation (SaO2) of at least 90%, but with significant impairment of arterial 
oxygen partial pressure (PaO2). Some predisposed individuals may desaturate to less 
than 90% at altitudes as low as 2500 m (8 202 ft). Acute high-altitude illness is com-
mon in this range of altitude, while severe altitude illness is rare.

Very High Altitude: 3500 m to 5500 m (11 483 ft. to 18,045 ft)
Maximum SaO2 falls below 90% with a PaO2 < 60 mm Hg. Extreme hypoxemia may 
occur during exercise, sleep, and HAPE. Likelihood of altitude illness is high, and 
the risk of severe acute high-altitude illness is important.

Extreme Altitude: Higher Than 5500 m (18 045 ft)
Marked hypoxemia, hypocapnia, and alkalosis. Acclimatization can’t compensate 
progressive deterioration of physiologic functions; therefore, no permanent resident 
can live above 5500 m. When ascending to this altitude, a period of acclimatization 
is needed; abrupt ascent without supplemental oxygen will result in severe altitude 
illness.
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�Environment Considerations

Deleterious effects of altitude are primarily caused by hypobaric hypoxia. PIO2 is 
equal to the fractional concentration of oxygen times the barometric pressure minus 
the water vapor pressure of the body.

	
P P mmHg
IO2 B

= ( )0 2093 47. –
	

where 0.2093 is the fractional concentration, PB is the barometric pressure, and 
47 mm Hg is the water pressure at 37 C. The fractional concentration of oxygen 
remains constant at any altitude; therefore, reduced PIO2 is determined solely by the 
fall in PB which decreases in a logarithmic manner as altitude increases. Moreover, 
water pressure is unaltered by altitude. Consequently, it reduces the PIO2 at altitude 
more than at sea level. Understanding this is important, as acute altitude illness 
results mainly from this state of acute oxygen insufficiency.

At sea level, the PB is of 760 mm Hg. At 5800 m, PB is one half that of sea level; 
while on the summit of Mt. Everest (8848 m [29,029 ft]), the PB and PIO2 are about 
one-third of sea level values. Rapid ascent to this summit will result in loss of con-
scious and death, however a gradual ascent will reduce symptoms and associated 
mortality [5].

Although altitude is the main determinant of PB and its resulting physiologic 
stress, other factors can contribute to a reduction in PB such as latitude and environ-
mental factors (season, weather, and temperature) [6]. The earth and its atmospheric 
envelope are slightly flat at poles and bulging at the equator; thus, the pressure at a 
given altitude at the equator tends to be higher than at distances from the equator 
[7]. Season of the year also affects the atmospheric envelope. During summer, the 
sun’s rays heat the air more, creating a higher column and thus increasing the pres-
sure. During winter, PB is lower compared to summer, making relative altitudes 
physiologically higher.

As altitude increases, temperature decreases and the effect of cold adds to the 
effect of hypoxia in provoking cold relating injuries and HAPE [8]. Reduced atmo-
spheric protection from ultraviolet radiation increases the risks of sunburn, skin 
cancer, and snowblindness. Sunlight reflection in glaciers can cause radiation of 
heat in the absence of wind, leading to heat exhaustion which is often unrecognized 
in cold environment. Moreover, in extreme altitudes, water can only be obtained by 
melting down snow or ice. In addition, water loss through lungs and skin is increased. 
All these factors can lead to dehydration.
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Chapter 5
Physiology of High-Altitude Illness

Jorge Sinclair Avila, Sabrina Da Re Gutierrez, Lorenzo Olivero, 
and Jorge Enrique Sinclair De Frías

�Case Presentation

A 30-year-old previously healthy man has decided to jump into a hiking expedition 
at the highest point of Panama, the Baru Volcano (~3400 m/11000 ft.). He takes no 
medication and does not use tobacco, alcohol, or illicit drugs. The man is in excel-
lent physical condition and passes the preliminary physical examination before 
starting to climb. The ascending route used to be 8 h long to reach the top of the 
volcano. However, after 7 h, he experiences fatigue and unfocused thinking while 
climbing. He begins to note that his friends are also fatigued and have increased 
their respiratory rate. He got a pulse oximeter which revealed a heart rate of 111/
min and 91% oxygen saturation. They decided to camp near the top of the volcano. 
On the second night, they experienced increasing urinary frequency despite not 
increasing liquid intake. With time, they gradually begin to feel better.

Question—What is the explanation for his presentation?
Answer—Hypobaric Hypoxia—This patient presents transient fatigue, tachycar-

dia, tachypnea, and enhanced diuresis with a subsequent return to an asymptom-
atic state. This presentation is highly suggestive of a high-altitude physiologic 
response. The low partial pressure of oxygen at high altitudes triggers a series of 
adaptive mechanisms in response to hypoxia.
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Early while ascending, the activation of the sympathetic system and the peripheral 
chemoreceptors increase heart rate and minute ventilation in an attempt to 
improve the delivery of oxygen to the tissues. The resulting tachypnea leads to 
respiratory alkalosis. In addition, increasing glycolysis within the erythrocyte 
promotes the synthesis of 2,3- BPG leading to a right shift of the oxygen hemo-
globin dissociation curve. This right shift reduces the affinity of hemoglobin for 
O2, which means that O2 is released more readily to the tissues.

Later changes in the patient’s organism include increased red blood cell count medi-
ated by erythropoietin (EPO) release, normalization of arterial pH through bicar-
bonate excretion (renal compensation in response to respiratory alkalosis), and 
vascular changes such as increased pulmonary arterial pressure and cerebral 
blood flow to compensate for reduced arterial oxygen content. Inadequate adap-
tation will result in high altitude-related diseases, such as acute mountain sick-
ness, pulmonary edema, and cerebral edema.

�Principles of Hypobaric Hypoxia and Its Physiology

Overview

Oxygen is one of the essential atoms for the survival and proper function of tissue 
cells in the human body. It plays a critical role in the electron transport chain leading 
to energy production [1]. Air is a mixture of gases, in which the percentage of oxy-
gen (O2) remains approximately around 21%, even at high altitude [2].

Atmospheric pressure, also known as barometric pressure, is caused by the air’s 
weight above the measuring point. It directly correlates with the partial pressure of 
oxygen (pO2); a lower atmospheric pressure results in a lower pO2. This phenome-
non is explained by gravitational force, which tries to attract objects to the earth’s 
center. As mentioned, the air mass will be the determinant in calculating the atmo-
spheric pressure. This can be explained by Newton’s second law of motion, where 
Force (F) = mass x acceleration. The atmospheric pressure represents the F, and it 
can be calculated by multiplying the weight of air (mass) x 9.8 m/s2 (gravitational 
acceleration of earth); therefore, the greater the weight of air, the greater the pres-
sure. This explains why there is higher atmospheric pressure at sea level (760 mmHg), 
with higher air mass above, compared to lower atmospheric pressures over sea lev-
els. Lower atmospheric pressures will result in lower partial pressure of inspired 
oxygen (FiO2); therefore, FiO2 presents a negative linear correlation with altitude.

This decrease in atmospheric pressure is the primary cause of the hypoxia problems 
in high-altitude physiology because as the atmospheric pressure decreases, the oxygen 
partial pressure (Po2) decreases proportionately. This makes it difficult for oxygen to 
diffuse into the pulmonary capillaries, depriving of O2 the peripheral tissue cells.

Investigators have been interested in clarifying how some populations can live at 
such high altitude and their mechanisms of adaptation [3]. Although, now we know 
that people living at high altitudes have been adapting their bodies and generationally 
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evolving, including genetic changes, to bear with the low oxygen pressure [4]. These 
adaptations, which take the place of a chronic exposition to low inspired oxygen 
pressure, differ from “acclimatization,” a group of changes (early and late) in people 
who usually are not exposed to these oxygen levels (lowlanders). For example, peo-
ple ascending to high altitudes for pleasure, work, and athletic competition, includ-
ing skiing, trekking, and mountaineering, are prone to be acutely exposed to these 
low levels of oxygen and experience the changes we will discuss now.

Acclimatization

Acclimatization is a normal compensatory process that occurs in response to the 
low level of oxygen at high altitudes and occurs in different organ systems during 
the first hours to days. The physiologic changes typically become significant at 
elevations >2500 m (8202 ft).

�Respiratory Changes

Decreased PiO2 at high altitudes triggers various mechanisms in the respiratory 
system. Insufficient acclimatization of the respiratory system results in high altitude 
sickness, which will be reviewed in the following chapters.

During normal conditions, the primary respiratory stimulus for regulating ven-
tilation is the partial pressure of carbon dioxide (PaCO2). Since the partial pressure 
of oxygen (PO2) ranges typically between 60-100 mmHg and remains almost con-
stant with the variation of tidal volume. Levels less than 60 mmHg become an 
essential stimulus to the peripheral chemoreceptors [5]; these receptors sense 
changes in PCO2, PO2, and pH and are located in the aortic arch and the bifurca-
tion of the carotids (carotid bodies) and send stimulus to the respiratory center 
located in the reticular formation of the medulla oblongata and pons via CN X 
and CN IX.

The dorsal respiratory group (DRG) of the respiratory center in the medulla con-
trols the inspiration, whereas the ventral respiratory group controls the expiration. 
In the respiration cycle, inspiration is an active process. However, the expiration, 
which usually is a passive process, can become active when we need more robust 
work of breathing like our patient. These nuclei increase the frequency of action 
potentials to the respiratory muscles via phrenic and intercostal nerves, increasing 
the respiratory rate and amplitude, resulting in increased minute ventilation [6]; this 
response is termed hypoxic ventilatory response [7, 8].

While this integrative response occurs initially and helps increase the alveolar 
ventilation and PO2 for a while in our patient, this comes at the expense of increased 
CO2 removal and respiratory alkalosis, blunting both central and peripheral respira-
tory chemoreceptor activation limiting subsequent ventilatory drive and creating a 
ceiling for the ventilatory response.

5  Physiology of High-Altitude Illness
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The peripheral chemoreceptors are sensitive to changes in PCO2, PO2, and pH. In 
contrast, central chemoreceptors located in the medulla are highly sensitive to 
changes in pH (H+) and communicate directly with the DRG [6].

With the help of the carbonic anhydrase, CO2 combines with water (H2O) and 
produces HCO3

− and H+; however, the blood-brain barrier is relatively impermeable 
to H+ and HCO3

−. Contrarily, CO2 can cross the blood-brain barrier and is converted 
in the cerebrospinal fluid to H+ and HCO3

− decreasing the pH. But in our hyperven-
tilating patient, low PCO2 means low H+ concentration and a higher pH. This will 
inhibit central and peripheral chemoreceptors and offset the increase in ventila-
tion rate.

This integrative response is not influenced by athletic training but by external 
factors, like alcohol and sedative/hypnotics. Instead, respiratory stimulants (e.g., 
progesterone) and sympathomimetics (e.g., coca, caffeine) increase this response 
[9]. Within several days the renal response will become helpful in balancing the 
respiratory alkalosis from the resulted hypoxic ventilatory response.

�Renal Changes

The kidney is crucial in facilitating acclimatization and helping prevent mountain 
sicknesses. Nearly 100% of HCO3 is reabsorbed during normal conditions in the 
proximal tubules. HCO3

− is polar and poorly soluble in lipids to cross membranes. 
Thus, it needs to be combined with secreted H+ to form CO2 and H2O catalyzed by the 
brush border carbonic anhydrase to be reabsorbed. CO2 and H2O cross the lumen 
membrane and then are converted back to HCO3

− and H+ inside the cell catalyzed by 
the intracellular carbonic anhydrase. Therefore, HCO3

− is reabsorbed in the basolat-
eral membrane either by cotransport with Na+ or antiport with Cl− [6] (Fig. 5.1).

Fig. 5.1  Bicarbonate reabsorbption
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Bicarbonate reabsorption depends primarily on the glomerular filtration rate and 
plasma concentration of HCO3

−; therefore, when plasma levels of HCO3
− are greater 

than 40 mEq/L, the reabsorption mechanism becomes saturated; hence any filtered 
HCO3

− that cannot be reabsorbed will be excreted.
Besides the filtered load, two other mechanisms are essential for regulating the 

reabsorption of HCO3
−: extracellular fluid volume and PCO2. For example, volume 

depletion activates the renin-angiotensin-aldosterone system to promote isotonic 
volume reabsorption; HCO3

− is one of the reabsorbed components along with water 
and other ions involved in the restoration of the volume status; this is called contrac-
tion alkalosis.

On the other hand, the effect of CO2 on the reabsorption of HCO3
− is not 

completed understood, but it is thought that higher levels of CO2 inside the 
proximal tubular cell will be available to generate H+ that can be secreted to 
promote HCO3

− reabsorption. Conversely, less CO2 is available to generate H+ 
for secretion in respiratory alkalosis, which means less HCO3

− that can be reab-
sorbed [10].

Following the hypoxic ventilatory response, the kidney initiates the 
compensation:

HCO3
− excretion increases, and the pH decreases toward normal especially in the 

cerebrospinal fluid, as well as in the brain tissues and fluids surrounding cells in the 
respiratory center, thus increasing the respiratory stimulatory activity of the center 
and the offsetting effects will be reduced, allowing ventilation to increase again as 
the alkalosis is reduced. Thus, within 2–3 days new steady-state in the acid-base 
status is established [11, 12].

The respiratory alkalosis that occurs in high altitudes can be treated with car-
bonic anhydrase inhibitors (e.g., acetazolamide). These drugs increase HCO3

− 
excretion, creating a mild compensatory metabolic acidosis that facilitates 
acclimatization.

�Cardiovascular Changes

Systemic changes - increasing sympathetic activity as the patient is going higher in 
altitude transiently increases cardiac output, blood pressure, heart rate, and venous 
tone [13]. However, later the kidneys enhance diuresis from HCO3- diuresis; there-
fore, the heart rate will be elevated still but with a low stroke volume due to decreased 
plasma volume [14].

Pulmonary Vasoconstriction - Hypoxic pulmonary vasoconstriction (HPV) is an 
intrinsic homeostatic mechanism of the pulmonary vasculature.

Intrapulmonary arteries constrict in response to alveolar hypoxia, diverting 
blood to better-oxygenated lung segments, thereby optimizing ventilation/perfu-
sion matching and systemic oxygen delivery; this is called the Euler-Liljestrand 
reflex mechanism. In contrast, hypoxia in other organs causes vasodilation to 
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increase perfusion. The low ambient partial pressure of inspired oxygen (PiO2) 
at high altitude causes global HPV throughout the lungs, leading to increased 
pulmonary arterial pressure, and finally causes pulmonary hypertension 
(PH) [15].

Exaggerated or heterogeneous HPV contributes to high-altitude pulmonary 
edema. Besides that, it is traduced in high right ventricle post-load and can develop 
in right ventricle failure and cor pulmonale, which will be discussed separately in 
this book.

Increased cerebral blood flow - Cerebral perfusion autoregulation is deter-
mined by the mean arterial pressure, intracranial pressure, temperature, and local 
metabolites. It is predominantly modulated by pCO2; increased levels of pCO2 
(low pH) promote vasodilation and increase cerebral blood flow to remove excess 
CO2. Whereas decreased pCO2 causes vasoconstriction and decreases cerebral 
blood flow. The pO2 modulates cerebral perfusion only in severe hypoxic condi-
tions (pO2  <  50  mmHg), vasodilating the cerebral vasculature in response to 
hypoxia. In our hyperventilating patient, hypocapnia attenuates hypoxic vasodila-
tion. However, the net change in response to hypoxia is an increase in cerebral 
blood flow [16].

�Hematologic Changes

Increased levels of 2,3 BPG - Initially, increased pH from respiratory alkalosis due 
to hyperventilation shifts the O2-hemoglobin dissociation curve to the left, resulting 
in increased binding of oxygen to hemoglobin and less oxygen delivery to the tis-
sues. After a few hours, increased glycolysis rises 2,3-diphosphoglycerate levels, 
shifting the curve back to the right. The pro of this right-shifted curve is that it 
improves oxygen delivery by facilitating oxygen unloading to the tissues. However, 
the con is that it is more challenging to load oxygen to hemoglobin in the lungs dur-
ing the gas exchange [6].

Increased red blood cell production - Ascent to high altitude increases red blood 
cell concentration (polycythemia). This is achieved by releasing hypoxia-inducible 
factors (HIFs), thereby inducing cell-type-specific gene expression changes that 
result in increased erythropoietin (EPO) production in the kidney hemoglobin con-
centration. As we know, the transportation of oxygen within the blood is mainly 
bound to hemoglobin (98%); an increase in hemoglobin concentration means that 
the O2-carrying capacity is increased, which increases the total O2 content of blood 
in spite of arterial pO2 being decreased. Polycythemia is advantageous in O2 trans-
port to the tissues, but it is disadvantageous in blood viscosity, which could increase 
resistance to blood flow.

The following table summarizes the essential features of acclimatization to high 
altitude (Tables 5.1 and 5.2).
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Table 5.1  Correlation between altitude with barometric pressure and PO2 in the air

Altitude (m/ft) Barometric Pressure (mmHg) PO2 in the air (mmHg)

0 760 149
1000/3281 679 132
2000/6062 604 117
3000/9842 537 103
4000/13123 475 90
5000/16404 420 78
8848/29029a 253 43

aMount Everest’s altitude

Table 5.2  Acclimatization to 
high altitude Parameter

Early 
changes Late changes

pCO2 Decreased Decreased
pO2 Decreased Decreased
Arterial pH Decreased Normal (renal 

compensation)
Hemoglobin 
(Hb)

Normal Increased

Arterial O2 
content

Decreased Normal

�Evidence Contour

how the physiological responses performed during high altitude acclimatization 
were still conflicting, as many factors could influence the physiological processes, 
such as altitude, rate of ascent, nutrition, supplements, physical status, psychical 
status, and exercise.

�Rate of Ascent

Although data are lacking regarding the rate of ascent preventing high altitude ill-
ness, consensus and guidelines recommend an ascent rate of 300–500 m/day above 
2500–3000 m, with a day of rest every 3–4 days. Slow rate protocols of ascent in 
many studies have been shown to prevent acute mountain sickness (AMS) and other 
high-altitude illnesses, but not all the studies include data regarding physiologic 
responses consistent with acclimatization [17–20].

5  Physiology of High-Altitude Illness
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�Preaclimatization

This measure has become more popular nowadays. Several equipment and proto-
cols simulating low oxygen pressures, like intermittent exposure hypoxic chambers, 
have become available, however lack of randomized control studies using this strat-
egy and comparing physiologic parameters in acclimatization makes this strategy 
remains with a low level of evidence [21–25].

�Alcohol, Sedative/Hypnotics, and Acclimatization

Respiratory depressors like alcohol, sedative, hypnotics, and some recreational 
drugs are well known to blunt respiratory response, although limited data involving 
these molecules in high altitudes are available.

However, the current recommendation is to avoid respiratory depressors, espe-
cially in the first 2 days of ascending [26, 27].

�Diet and Altitude

several exercise programs (e.g., altitude training for cyclists and endurance athletes) 
include dietary recommendations within their guidelines. Diets seeking a quicker 
response to hypoxic factors and a more vigorous increase of EPO have become the 
subject of some new studies. Although more evidence is needed regarding nutri-
tional demands in acute exposure to high altitude; the dramatic increase in the rate 
of energy expenditure in low oxygen pressure settings compared to normoxia claims 
to assure sufficient dietary macronutrients, especially dietary carbohydrates (CHO) 
to replace muscle glycogen stress during ascending [28, 29].

Iron, antioxidants, and other supplements initially showed promising results [30, 
31], but recent data have shown no benefit or mixed results [32, 33].

�Exercise

Exercise in the early hours of altitude exposure results in a marked increase in the 
severity and incidence of high altitude illnesses increasing oxygen consumption and 
fluid retention [34]. Mild pulmonary hypertension at rest can be markedly increased 
by vigorous exercise, with pulmonary pressure reaching near-systemic levels, espe-
cially in people with a history of high-altitude pulmonary edema (HAPE).

On the other hand, sedentary climbers are prone to achieving slow acclimatiza-
tion and are at risk of high-altitude illness. Therefore, regarding exercise, it is rec-
ommended to be in regular physical activity before the ascent.
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Chapter 6
Acid-Base Homeostasis at the High 
Altitude

Pradip Kumar Bhattacharya, Jay Prakash, and Anup Gohatre

Let’s first analyze the oxygenation part. For that, we will have to find out the A-a 
gradient (i.e., PAO2 – PaO2). PAO2 can be calculated by using alveolar gas equation. 
The alveolar gas equation is a formula used to approximate the ‘partial pressure of 
oxygen in the alveolus (PAO2):

	
P O P P FiO P CO R
A B H O a2 2 2 2

� �� � � �� � 	

Where, PB is the barometric pressure which changes with the altitude. For our case, 
at 5380 m, it will be 400 mmHg [1].
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A 40-year-old mountain climber was brought back from Camp 1 on Mt. 
Everest (6065 m) to Base Camp (5380 m) as he was complaining of shortness 
of breath and dry cough. Medical team at Base Camp evaluates him. He was 
having dyspnea at rest and pink, frothy sputum. Vitals: Temp  =  97.8  °  F, 
HR = 130 bpm, BP = 158/90, RR = 36, SpO2 = 80% on 6 L O2 via facemask. 
He has diffuse bilateral crackles on lung auscultation. His ABG reveals: 
pH = 7.58, PaCO2 = 20, PaO2 = 40.
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Relationship between altitude, barometric pressure and inspired PO2 [2]
PH2O is the water vapor pressure (usually 47 mmHg).
FiO2 is the fractional concentration of inspired oxygen, which remains constant 

at 21% even at high altitudes,
PaCO2 is the partial pressure of carbon dioxide in blood, and R is the gas exchange 

ratio, i.e., 0.8.
Putting these values in the equation, we get PAO2 = 116. Therefore, A-a gradient 

will be (116–40) = 76. Is this normal for this age?
The approximate A-a gradient for 40 years is = (40/4)/4 = 14. So, there is hypox-

emia with high A-a gradient. And the most likely cause in this case would be pul-
monary edema, i.e., High Altitude Pulmonary Edema (HAPE) [3].

High altitude pulmonary edema (HAPE) is a noncardiogenic pulmonary edema 
which typically occurs in lowlanders who ascend rapidly to altitudes greater than 
2500–3000 m. A nonproductive cough, dyspnea with exertion, and decreased exer-
cise capacity are some of the early signs of HAPE. Dyspnea then develops while at 
rest. Cyanosis, tachycardia, tachypnea, and a high body temperature usually not 
reaching 38.5 °C are considered clinical signs. Initially, rales are distinct and situ-
ated over the middle lung areas. Exaggerated hypoxic pulmonary vasoconstriction 
and increased pulmonary artery pressure are the major causes of HAPE.

There are two different forms of the HAPE. One which is seen in unacclimatized 
lowlanders who ascends to high altitude and other which is seen in log-term residents 
of high altitude, who descend to low elevation for some time and then reascend [4].

�Normal ABG Values at High Altitude

Mountaineers who ascend to high altitude, with the acclimatization show a 
hyperventilatory-induced respiratory alkalosis followed by renal compensation 
(bicarbonaturia) to return arterial blood pH (pHa) toward sea-level values. But 
indigenous highlanders usually have more acidic pH compared to lowlanders [5].
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This changes in pH are significant enough to shift the P50 and therefor the oxy-
gen dissociation curve to the left [6].

As a part of acclimatization hemoglobin level increases leading to increased oxy-
gen carrying capacity of blood and eventually 2–3 DGP level in RBCs also increases 
over time leading to rightward shift of O2-Hb dissociation curve and improve oxy-
gen offloading at the tissues.

One study has evaluated the ventilation and ABG by age and sex in an Andean 
population resident at high altitude (2640 m). They have found that, the mean PaO2 
in the whole group was 65.2 ± 5.6 mmHg, SpO2 92.4 ± 2.3%, PaCO2 33.0 ± 2.9 mmHg 
and bicarbonate 21.7 ± 1.6 mEq/L with significant differences by age and sex [7].

�Acclimatization in Lowlanders Visiting High Altitudes

As the person climbs from sea level to high altitude, both alveolar and arterial O2 
pressure fall, resulting in development of hypoxemia. As a compensation for hypox-
emia, alveolar ventilation increases, resulting in a slight reduction in pCO2. This 
stimulates the peripheral chemoreceptors located in carotid and aortic arch bodies, 
which send signals to medullary respiratory centers, resulting in progressive increase 
in ventilation.

But this hyperventilation does not continue forever because low pCO2 and low 
bicarbonate in cerebrospinal fluid seems to desensitize the peripheral chemorecep-
tors. Figure shows the mechanism of hypoxia-induced alveolar hyperventilation.

Hypoxia (pO2<60 mmHg)

(+) Carotid body

CN IX CN X

(+) Aortic arch

(+) Respiratory Center

Hyperventilation (Lungs)

↓ pCO2, ↑ pH
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Therefore, it is observed that long-term residents living in high altitude areas 
maintain low alveolar ventilation and high pCO2 for any given pO2 level compared 
to short-term dwellers.

This decrease in PaCO2 induces a condition of respiratory alkalosis and a com-
pensatory mechanism through acid retention and increased HCO3− excretion in the 
urine is elicited [8], which is only partially counterbalanced and this compensatory 
process results in a decrease in arterial blood pH (pHa) towards normal levels 
(pHa ∼ 7.4), known as a relative compensatory metabolic acidosis [9–11].

�What If Acclimatization Is Inadequate?

The significance of the renal responsiveness through acid–base changes is well 
understood, but the timing of the reaction during gradual ascent and the degree of 
plasticity in this response are not well understood. A straightforward and accurate 
index to measure the renal response to exposure to chronic hypobaric hypoxia and 
persistent hypocapnia experienced during ascent to high altitude is also lacking, 
despite the HVR’s unambiguous criteria.

An inadequate renal response to respiratory alkalosis may result in a sustained 
increase in blood pH, blunted HVR, decreased oxygen saturation and decreased 
cerebral blood flow, and all of these factors have been shown to affect acclimatiza-
tion, as well as facilitate the onset and severity of acute mountain sickness symp-
toms [12, 13].

�Can Acid-Base Changes and Acclimatization Be Predicted?

The majority of the available data consist of lumbar cerebrospinal fluid values [14], 
venous values [15] and/or rely on simulated altitudes in the laboratory [16] that do 
not take into account the realistic conditions encountered upon exposure to high 
altitude.

In 2018, based on the well described relationships between PaCO2 and HCO3−, 
a simple index of Renal Reactivity (RR) was developed, indexing the change in 
HCO3− against the relative change in PaCO2 during incremental ascent to altitude 
(Δ[HCO3−] a/ΔPaCO2). A strong negative correlation was found between RR and 
Δ pHa at all altitudes, with correlation coefficients (r) of −0.71, −0.98, −0.96 
and − 0.97 at 3440, 3820, 4240 and 5160 m, respectively (all P < 0.001) [17]. This 
novel index that accurately quantifies renal acid-base compensation, will have labo-
ratory, fieldwork and clinical applications. Using this index, authors have found that 
renal compensation increased and plateaued after 5  days of incremental altitude 
exposure, suggesting plasticity in renal acid-base compensation mechanisms.

The time-course and extent of plasticity in renal responsiveness will help in pre-
dicting severity of altitude illness or acclimatization at higher or more prolonged 
stays at altitude.
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Chapter 7
Cardiovascular Changes in High Altitude

Sharmili Sinha and Saurabh Debnath

�Case Scenario

A well trained mountaineer travelled from a height of 1200 m to 2800 m by flight 
on Day1. Next 3 days (Day2–4) they climbed up to 5400 m. Where he was joined 
by two more well acclimatized mountaineers and they climbed up to 6900 m in next 
2 days (Day5–6). The climb was steep and demanding. The following night the first 
mountaineer developed a rapidly worsening cough and shortness of breath. There 
were rales bilaterally with poor SpO2. Next morning, he expectorated increasing 
volumes of frothy and later bloody sputum. He was barely able to get out of the tent 
owing to shortness of breath. His friends who stayed out at high altitudes longer 
before the journey and was better acclimatized didn’t have any symptoms.

�What Is the Diagnosis and Underlying Pathophysiology?

The diagnosis is High altitude pulmonary edema (HAPE).
Pathophysiology-Exposure to high altitude environment poses unique and dis-

tinctive challenges to the human physiology. The difficulties faced could be of acute 
exposure, as experienced by hikers, mountaineers or rescue workers or they could 

S. Sinha (*) 
Department Critical Care Medicine, Institution-Apollo Hospitals,  
Bhubaneswar, Odisha, India 

S. Debnath 
Department Critical Care Medicine, Institution-AMRI Hospital, Mukundpur,  
Kolkata, West Bengal, India

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
J. Hidalgo et al. (eds.), High Altitude Medicine, 
https://doi.org/10.1007/978-3-031-35092-4_7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-35092-4_7&domain=pdf
https://doi.org/10.1007/978-3-031-35092-4_7


52

be of long term exposure to such habitat by people who live in such high altitudes. 
The main concern is related to hypoxia due to low atmospheric pressure and low 
partial pressure of oxygen (PatmO2). By definition high altitude hypoxia (HAH) 
means fall in arterial blood O2 saturation (SaO2) in the body at altitudes >2500 m 
[1]. At this level and moving upwards there is progressive lowering of barometric 
pressure with rarefied atmosphere. As a consequence the partial pressure of inspired 
oxygen in the atmosphere (PatmO2) is low, to the tune of between 20% and 60% at 
2500 and 8000 m, respectively [2]. Less amount of oxygen is breathed in with each 
inspiration leading to less partial pressure of oxygen in alveolar air (PalvO2). Now, 
as the lung parenchyma is normal the alveolar – arterial oxygen gradient (Alv-a O2 
gradient) is also normal or maintained, leading to lowering of pulmonary capillary 
oxygen partial pressure and subsequently low systemic arterial oxygen partial pres-
sure (PaO2). The ensuing hypoxemic hypoxia is known as High Altitude Hypoxia 
(HAH) which affects almost all organ systems. Oxygen is the essential substrate for 
aerobic metabolism which generates maximum ATP which is absolutely important 
for cell survival. In order to offset the adverse effects of diminished oxygen delivery 
to cells of vital organ systems, major changes in adaptation are seen in mechanisms 
of oxygen trapping (respiratory system), carriage (blood) and distribution (cardio-
vascular system). In this chapter the cardiovascular changes in acute or chronic 
exposure to high altitude would be discussed.

�What Is Acute High Altitude Hypoxia (HAH) 
and the Cardiovascular Response?

High altitude ascent leads to exposure to environment with progressive and nonlin-
ear decline in barometric pressure and a reduction in ambient partial pressure of 
oxygen (PatmO2). This results in a decrease in the PO2 at every point along the 
oxygen transport cascade from inspired air to the alveolar space, arterial blood, the 
tissues, and the venous blood. Greater the elevation above sea level bigger is the 
decline in oxygen partial pressures across different points in the cascade. These 
decline in oxygen tension trigger a host of physiologic responses in the cardiovas-
cular system over a period of minutes to weeks that enable the individual to adapt or 
compensate for the hypoxic environment.

	 DO2 CO Hb SaO2 oxygen delivery equation= × × ( )	

�The Cardiac System

The low PaO2 for mechanisms explained above leads to lower hemoglobin satura-
tion in arterial blood (SaO2), the predominant oxygen carrier. The net content of 
oxygen per unit volume of arterial blood (CaO2 = Hb x SaO2) is reduced. Initially 
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the body tries to respond by increasing the flow (Cardiac output  =  Heart rate x 
Stroke volume) by increasing the heart rate (tachycardia) with little or no change in 
stroke volume. The increase in heart rate is related to increased sympathetic activity 
and vagal withdrawal [3]. Reeves et al. showed that for a given level of exercise, 
change in heart rate is greater at high altitude [4]. After a few days of acclimatiza-
tion, stroke volume falls gradually through the first week and then tends to stabilize 
[5, 6]. The fall in stroke volume is associated with reduction in left ventricular 
dimensions and filling pressure, which in part may be a consequence of diuresis and 
reduction of plasma volume that decreases over the first weeks at high altitude by as 
much as 20% at 3800 to 4500  m [7]. Chemoreceptor stimulation along with 
increased release of atrial natriuretic peptide (ANP) and decreased synthesis of 
aldosterone are responsible for the initial loss of plasma volume whereas fluid shift 
from the extracellular to the intracellular compartment promotes it later on [8].

The parameters governing the cardiac function as well as cardiac output remains 
more or less unchanged as body slowly adapts and acclimatizes to the high altitude 
environment but it is accompanied by a decrease in maximal oxygen consumption 
(VO2max) in the tissues [9], which declines by roughly 1% per 100 m above 1500 m 
[10]. This in turn causes reductions in maximal cardiac output. This effect is modest 
in acute hypoxia but becomes substantial gradually with acclimatization. This is 
unique mechanism which is not explained by hypovolemia, acid-bases status, 
increased viscosity due to polycythemia, autonomic nervous system changes, or 
depressed systolic function. The reduction in maximal oxygen uptake at high alti-
tudes is countered to some extent by the improved convective and diffusional oxy-
gen transport systems at a lower maximal cardiac output. However, it is suggested 
that 10–25% of the loss in aerobic exercise capacity at high altitudes can be restored 
by interventions leading to pulmonary vasodilation such as oxygen support [11]. It 
could be a result of an improved maximum flow output by a relatively unloaded 
right ventricle. While resting cardiovascular yield is higher at high altitude as com-
pared to sea level, at top exercise it is relatively lower [2, 9, 12]. These variables are 
aimed at supplying more oxygen at rest to the tissues and simultaneously restrict top 
exercise limit and oxygen utilization. Altitude exposure carries no identified risk of 
myocardial ischemia in healthy subjects but has to be considered as a potential car-
diac stress in patients with previous cardiovascular compromise.

Evidence Contour-In an elegant study with Doppler echocardiography on 
healthy volunteers who have been exposed to acute short term (90  mins) HAH, 
Huez et al. demonstrated significantly increased HR, LVEF, isovolumic contraction 
wave velocity (ICV), acceleration (ICA), and systolic ejection wave velocity at the 
mitral annulus, indicating enhanced left ventricular systolic function. However, 
there was no change in right ventricular area shortening fraction, tricuspid annular 
plane systolic excursion (TAPSE), ICV, and ICA at the tricuspid annulus, indicating 
preserved right ventricular systolic function. Increase in isovolumic relaxation time 
(IRT) at both annuli also pointed towards an altered diastolic function of both ven-
tricles [13].

Acute assent to high altitude and resultant hypoxia causes dilation of the epicar-
dial coronary arteries, generating augmented myocardial blood flow which 

7  Cardiovascular Changes in High Altitude



54

compensates for the reduced oxygen content of the blood [14] and also preserve the 
exercise-induced coronary flow reserve up to about 4500 m [10]. Malconian et al. 
demonstrated that in healthy young men, there was no myocardial ischemia on exer-
cise during a simulated ascent to the summit of Mount Everest (8840  m) over 
40 days [15].

Acute exposure to high altitude causes low PaO2 which is sensed by the carotid 
body chemo receptors, which causes an increase in the breathing rate and hyperven-
tilation, which is perhaps the first response to HAH. Then the cardiovascular func-
tions are modified in response to the short-term HAH. Ventilation and sympathetic 
activity are augmented, as demonstrated by increased urinary and plasma concen-
tration of catecholamines [16] and skeletal muscle sympathetic activity [17]. 
Hypoxia directly affects the vascular tone of the pulmonary and systemic resistance 
vessels and increases ventilation and sympathetic activity via stimulation of the 
peripheral chemoreceptors [18]. Klaussen et al. showed that acutely breathing an 
inspired fraction of O2 (FiO2) of 0.12 caused 22% increase in cardiac output accom-
panied with 18% increase in heart rate and unchanged stroke volume, so the oxygen 
delivery to the tissues remained unchanged [5]. There is shift of sympatho-vagal 
balance towards more sympathetic and less parasympathetic activity [19]. Mazzeo 
et al. showed that in response to acute exposure to 4300 m (4 h), the arterial plasma 
epinephrine levels were significantly increased as compared to norepinephrine 
level. However, both epinephrine and norepinephrine concentrations were increased 
after 21 days of chronic exposure [16]. These findings provide evidence for a dif-
ferential adaptive response between sympathetic neural activity and that of the adre-
nal medulla during high-altitude exposure.

�The Pulmonary Vascular System

The concept of vasoconstriction in the pulmonary vasculature in response to 
hypoxia (HPV) was promulgated by Von Euler and Liljestrand in 1946 [20]. At low 
altitude this is helpful to preserve the V-Q matching and optimize gas exchange at 
the alveolo-capillary membrane in response to local hypoxia in a part of lungs such 
as in pneumonia or atelectasis. When the whole lung is exposed to hypoxia, as in 
HAH, HPV may be disadvantageous because it results in a substantial increase in 
pulmonary vascular resistance and pulmonary arterial pressure (PAP). However 
there is no change in pulmonary artery occlusion pressure (PAOP). This pattern is 
seen in chronic high altitude exposure and remains essentially unchanged with 
prolonged or lifelong high altitude stay. Exercise in acute as well as in chronic 
high-altitude exposure is associated with a brisk increase in pulmonary artery 
pressure.

The smooth muscle cells of the pulmonary arterial bed plays a major role in 
HPV and is independent of the endothelium, as demonstrated in experiments with 
pulmonary vascular rings denuded of endothelium and with isolated smooth cells 
from pulmonary arteries [20]. Although HPV is intrinsic to pulmonary smooth 

S. Sinha and S. Debnath



55

muscle cells, there are additional endothelium-dependent and independent factors 
which influence this response. Hypoxia also may increase PAP through endothelin 
and sympathetic activation, whereas HPV may be attenuated by increased synthe-
sis of NO, hyperventilation improving alveolar PO2, and respiratory alkalo-
sis [21].

�High Altitude Pulmonary Edema (HAPE)

HAPE is a non-cardiogenic pulmonary edema that may occur in previously healthy 
individuals within the first 2–5 days after rapid ascent above 3000–4000 m. It was 
first described in South American high-altitude dwellers who returned from a 
sojourn at low altitude and subsequently in unacclimatized lowlanders [22]. 
Altitude, rate of ascent, and, most importantly individual susceptibility are the 
major determinants of HAPE in mountaineers and trekkers. The initial mechanism 
of HAPE is a lack of oxygen caused by the low air pressure at high altitudes. The 
detailed pathways of this oxygen shortage-induced HAPE are not known, but an 
excessive rise in pulmonary artery pressure (PAP) and vascular resistance (HPV) 
leading to increased microvascular pressures plays an important role. This enhanced 
hydrostatic stress causes dynamic changes in the permeability of the alveolar capil-
lary barrier and induces a high permeability noninflammatory lung edema. This 
mechanism of high PAP doesn’t fully explain the development of HAPE as not all 
high PAP lead to HAPE in high altitude. Decreased nitric oxide (NO) release and 
enhanced endothelin (ET) levels following acute high-altitude exposure may be 
responsible for exaggerated hypoxic pulmonary vasoconstriction in HAPE-
susceptible individuals [23].

�The Cerebro-Vascular System

The brain is the most oxygen-dependent organ in the body. With exposure to 
high altitude, there is a rise in cerebral blood flow (CBF) to compensate for low 
PaO2 and ensure an adequate supply of O2 to meet the demand of cerebral tissue 
[24]. However, this is gradually nullified to a fall to near sea level values within 
1–3  weeks of acclimatization. The underlying mechanisms for regulating the 
CBF during short-term HAH are complex and is governed by the balance 
between low PaO2 (HAH) and hyperventilation induced low PaCO2 (low PaCO2 
causes cerebral vasoconstriction) [25]. Low PaO2-to-PaCO2 ratio can explain 
40% of the increase in brain blood flow upon arrival at high altitude (5050 m) 
[24]. The initial high CBF can be reversed by supplemental oxygen suggests a 
direct hypoxic effect. Other mechanisms that may contribute to raised CBF are 
increase in adenosine and nitric oxide level, which causes an increase in arterial 
diameter [26].
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�High Altitude Cerebral Edema (HACE)

High altitude cerebral edema (HACE) is a medical condition in which the intracra-
nial pressure (ICP) is high due to accumulation of excess fluid in the brain as a 
direct consequence of ascending to high altitude and failing to acclimatize. The 
major cause of HACE is low PaO2 and resultant high CBF when the individual 
climbs to greater heights rapidly allowing less time for the body to adapt. It is most 
often a complication of acute mountain sickness (AMS) or high-altitude pulmonary 
edema (HAPE). It is a form of vasogenic edema [27]. HAH causes inflammation of 
endothelial lining intra-cerebral vasculature which along with raised hydrostatic 
pressure leads to leakage of fluid into the brain parenchyma. Furthermore, there 
could be impairment of the auto-regulation of cerebral blood flow and disruption of 
the integrity of the blood brain barrier due to HAH mediated release of certain neu-
romodulators such as vascular endothelial growth factor (VEGF) and calcitonin 
gene-related peptide (CGRP). Increased sympathetic nervous activity at high alti-
tude may also play a role [27].

�What Are the Long Term Adaptations at High Altitude?

People after acclimatization to high altitude and for those who live at such altitude 
show adaptive changes in the cardiovascular system to compensate for chronic 
exposure to High Altitude Hypoxia (HAH).

�The Cardiac System

Post acclimatization the heart rate and arterial blood pressure may remain higher, 
but stroke volume is gradually decreased and the cardiac output returns to baseline 
after a longer hypoxic exposure [5]. Suarez et  al. showed remarkably preserved 
contractility and excellent tolerance of the normal myocardium to long-term HAH 
[28]. Some of the adaptations are aimed at protection against ischemic heart dis-
ease. An epidemiological study reported that men residing at high altitude resulted 
in protection against death from ischemic heart disease [29]. The epidemiological 
observations on the cardio-protective effect of high altitude were confirmed in vari-
ous experimental models [30–32]. It also protects the heart against ischemia induced 
arrhythmias, as was shown in rat models [33].

Cardiac structural changes also happens in response to sustained HAH as it leads 
to development of right ventricular hypertrophy (RVH). RVH is a beneficial adapta-
tion that helps to counteract the increased afterload caused by persistent pulmonary 
hypertension and maintain a normal cardiac output [34]. Along with changes in 
right ventricular muscle mass there is marked change in cardiac protein profiling 
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[35]. Collagenous and non-collagenous proteins were significantly increased both 
in hypertrophic RV and non-hypertrophic LV, in rats exposed to intermittent high-
altitude [36]. Cardiac enlargement may be the result of both an increase in the num-
ber of individual cell elements (hyperplasia) and an increase in their volume 
(hypertrophy).

The changes in response to long term HAH in the autonomic nervous system are 
different than in short term exposure to high altitude. Increase in plasma norepi-
nephrine level is much more than epinephrine levels [37]. The resting heart rate 
remains increased, but the heart rate at maximal exercise is reduced at long-term 
HAH. There is reduced adrenergic receptor density. Experimental studies in rats 
exposed to 21  days of HAH found that there was a significant reduction in 
β-adrenergic receptor density [38] and a down regulation of α- and β-adrenergic 
receptor density in ventricular tissues [39].

Hemoglobin is the most important carrier of oxygen in the body. Prolonged 
exposure to HA lead to increased erythropoietin production resulting in increase in 
hemoglobin concentration increase [9]. Raised hemoglobin and RBC mass lead to 
increased viscosity which tempers down the cardiac output from initial raised levels 
in the long term.

�The Pulmonary Vascular System

The most common and significant effect of chronic exposure to high altitude is 
development of pulmonary hypertension. Estimated prevalence of pulmonary 
hypertension amongst indwellers of high altitude ranged between 5% and 18% [40]. 
HPV induced increased pulmonary vascular pressure and resistance causes adapta-
tion changes in the vascular structure and remodeling. The pulmonary vascular 
adaptations involve all elements of the vessel wall and include endothelial dysfunc-
tion, extension of smooth muscle into previously non-muscular vessels and adven-
titial thickening. High altitude induced pulmonary hypertension was only partially 
reversed by oxygen breathing, suggesting that pulmonary arteries structural remod-
eling plays a pivotal role in pulmonary hypertension during long-term HAH [41].

Intrinsic changes in the ionic balance and calcium homeostasis of pulmonary 
arterial smooth muscle cells (PASMCs) caused by long-term hypoxia have a major 
effect on PA remodeling. The membrane depolarization of PASMCs following the 
hypoxic inhibition of O2 sensitive K+ channels activated Ca2+ influx and elevated 
cytoplasmic ionized Ca2+ via voltage-gated Ca2+ channels. Changes in the trans-
port of K+ and Ca2+ through their respective ion channels modulate these processes 
by affecting cell volume, membrane potential, gene transcription, apoptosis, and 
cell-cycle progression. The adaptation of these ion channels at high altitude appears 
to involve in pulmonary arteries remodeling [42]. Endothelin (ET)-1 is another 
important mediator of hypoxia-induced pulmonary vasoconstriction and vascular 
remodeling. Chronic hypoxia increases ET-1 gene transcription and peptide synthe-
sis in cultured endothelial cells. ET-1 and its receptors are selectively upregulated in 
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patients with primary pulmonary hypertension and in humans exposed to high alti-
tude [43].

Dilation of the right ventricle due to increased pulmonary vascular resistance 
causes a pressure effect on the left side of the heart as the inter-ventricular septum 
deviates towards the left side leading to altered left ventricular structure and dia-
stolic filling [44, 45]. In pathological forms of pulmonary hypertension, this may 
cause diastolic dysfunction of the left ventricle [46].

�Conclusion

The changes in cardiovascular system can occur in response to acute and chronic 
exposure to high altitude. The pathophysiology involves multiple mechanisms. The 
acute responses include High Altitude Hypoxia (HAH) and High Altitude Pulmonary 
Edema (HAPE). The rate of development depends on the speed of ascent and extent 
of acclimatization. The main mechanisms of cardiovascular system adaptations to 
high altitude is variable and it depends on various factors like individual predisposi-
tion, the actual elevation, the rate of ascent, and the duration of exposure. The initial 
response to HAH exposure is hyperventilation and increase in sympathetic activity 
(which results partly from chemoreceptor reflexes and baroreceptor function) lead-
ing to increase in heart rate, systemic vascular resistance, blood pressure, cardiac 
output and pulmonary hypertension associated with pulmonary vasoconstriction. 
The significant reflection in chronic exposure to altitude is development of chronic 
pulmonary hypertension. Cardiovascular system gradually progress towards a com-
pensatory and pathologic adaptation to HAH.  Understanding these adaptive 
responses is crucial to monitor and reduce the development of adverse changes and 
also preserve the beneficial effects of the process of adaptation.
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Chapter 8
Peripheral Tissue in High Altitude

Ranajit Chatterjee, Asif Iqbal, and Ahsina Jahan Lopa

�Introduction

�Acute Adjustments

At high altitude, acutely, the hypoxia is sensed by the peripheral chemoreceptors, 
which causes an increase in the respiratory rate (hyperventilation). However, hyper-
ventilation also results in respiratory alkalosis due to the increase in the respiratory 
rate, resulting in carbon dioxide being removed from the body, which suppresses the 
respiratory centre from increasing the respiratory rate any further, to meet the oxy-
gen demands.

It is also pertinent to note that, the peripheral chemoreceptors cause sympathetic 
nervous system (Autonomic Nervous System) stimulation, resulting in the heart rate 
to increase, while the stroke volume decreases, and digestion is impaired. Shortness 
of breath is a common occurrence, and tendency to micturate is also increased in the 
process.

The human body can adapt to high altitude through acute and chronic changes in the body via vari-
ous acclimatization processes.
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Along with respiratory alkalosis, the affects mentioned above, are the causes for 
the symptoms of altitude sickness, which worsen during increased physical activity, 
leading to higher oxygen demand at high altitudes (Involving more of anaerobic 
respiration compared to lower altitudes); But during acclimatization the effects of 
the same are much subdued, due to homeostasis.

�Acclimatization

Acclimatization to higher altitude requires days and sometimes weeks. Gradually, 
the body starts compensating for the respiratory alkalosis by excreting bicarbonate 
ions through the kidneys, which allows for adequate respiration, through increased 
respiratory rate, to provide for adequate oxygenation without risking the deleterious 
effects of alkalosis. It takes about 4 days, at any given altitude, for acclimatization, 
and can be enhanced by drugs such as acetazolamide (which decreases fluid 
retention).

Staying well hydrated during acclimatization is important to minimize the effects 
of altitude sickness and also to counteract the effects of increased urination. The 
heart rate and respiratory rate, at rest, both remain elevated despite the acclimatiza-
tion. While the heart rate at maximum activity level will be reduced than in normal 
conditions.

The marked difference brought about by acclimatization, that explains, why it 
makes high altitudes more comfortable for the body, is the increased levels of circu-
lating red blood cells in the body, which improves the oxygen carrying capacity of 
haemoglobin. This is an adaptive response due to increased erythropotein synthesis 
in the kidneys (from hypoxia in the tissues) that act on the liver to increase erythro-
cyte (red blood cell) production.

Due to increased micturition the blood volume contracts, which also increases 
the haematocrit (concentration of haemoglobin in blood). This increase in the rela-
tive concentration of red blood cells in the blood remains for a few weeks, after one 
returns to lower altitudes. So those who acclimatize to higher altitudes will experi-
ence improved athletic performance at lower altitudes. Capillary density and tissue 
perfusion are also increased during acclimatization.

The physiological changes mentioned above, make high-altitude athletic training 
beneficial for athletes participating in various high end national and international 
competitions. Full haematological adaptation to high altitude, is said to be achieved, 
when the increase in red blood cells reaches a plateau and stops.

The duration for the full haematological adaptation to be manifested in the 
peripheral blood, can be approximated by multiplying the altitude in kilometres by 
11.4 days. For example, to adapt to 4000 m (13,000 ft.) of altitude would require 
45.6 days.

The upper altitude limit of this linear relationship has not been fully established, 
in part because, extremely high altitudes have such little oxygen concentration in 
air, that it would be fatal, regardless of acclimatization.
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�Acclimatization to High Altitude

The recent updates and developments, in our understanding of the molecular mech-
anisms of human responses to hypoxia/hypoxemia has focused on hypoxia-inducible 
factor (HIF). This transcription factor modulates the expression of hundreds of 
genes, including those involved in apoptosis, angiogenesis, metabolism, cell prolif-
eration, and permeability processes. In chronic hypoxia, HIF activation by hypoxia 
has the positive effect of elevating oxygen delivery by boosting haemoglobin mass. 
However, HIF also plays a role in carotid body sensitivity to hypoxia, which in turn 
largely determines the ventilatory response to hypoxia. As the main regulator of 
response to hypoxia in humans, HIF has both beneficial and harmful effects at dif-
ferent stages during human exposure to hypoxia and in different cells in the body 
(Fig. 8.1).

Fig. 8.1  Regulation of oxygen sensing by hypoxia-inducible factor (HIF)
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HIF is produced constitutively, but in normoxiathe α subunit is degraded by the 
proteasome, which is dependent on oxygen. Hypoxic environment prevents hydrox-
ylation of the α subunit, enabling the active HIF transcription complex to form at the 
hypoxia-response element (HRE) associated with HIF-regulated genes.

�Systemic Circulation

Increased sympathetic activity on ascending heights causes an initial mild increase 
in blood pressure, moderate increases in heart rate and cardiac output, and increase 
in venous tone. Stroke volume comes down because of decreased plasma volume, 
which drops as much as 12% over the first 24 h, as a result of the: (1) Bicarbonate 
diuresis, (2) Shifting of fluid from the intravascular space, and (3) Suppression of 
aldosterone. Resting heart rate returns to near sea level values with acclimatization, 
except at extremely high altitudes. Maximal heart rate reached, follows a decline 
with maximal oxygen uptake and with increasing altitude. As the limits of hypoxic 
acclimatization are approached, maximal and resting heart rates tend to have simi-
lar values.

�Pulmonary Circulation

On ascending to higher altitudes, a quick but variable increase in pulmonary vascu-
lar resistance (PVR) from hypoxic pulmonary vasoconstriction increases pulmo-
nary artery pressure (PAP). Mild pulmonary hypertension is greatly aggravated by 
exercise, with PAP reaching near-systemic values, especially in persons with a prior 
history of HAPE. Administration of oxygen does not completely restore PAP values 
to sea level, likely because of vascular remodelling with medial hypertrophy. (PVR 
returns to normal within a few weeks after descent to lower altitudes).

�Cerebral Circulation

Cerebral oxygen delivery, the product of arterial oxygen concentration and cerebral 
blood flow (CBF), is dependent on the balance between hypoxic vasodilation and 
hypocapnia-induced vasoconstriction. Despite hypocapnia, CBF increases when 
PaO2 is less than 60 mm Hg (altitude >2800 m [9186 feet]). In a classic study, CBF 
increased 24% on abrupt ascent to 3810 m (12,500 feet) and returned to normal over 
3–5 days [6]. These findings have been confirmed by positron emission tomography 
(PET) and brain magnetic resonance imaging (MRI) studies showing both eleva-
tions in CBF in hypoxia in humans and striking heterogeneity of the CBF, with it 
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rising up to 33% in the hypothalamus and 20% in the thalamus. Other areas showed 
no significant changes. Cerebral autoregulation, the process by which cerebral per-
fusion is maintained as blood pressure varies, is deranged in hypoxia. Interestingly, 
this occurs with acute ascent, after successful acclimatization, and in natives to high 
altitude.

�Hematopoietic Responses to Altitude

Ever since the findings in 1890 by Viault that haemoglobin concentration was higher 
than normal, in animals living in the Andes, scientists have regarded the hematopoi-
etic response to increase in altitude as an important component of the acclimatiza-
tion process. On the other hand, haemoglobin values have shown to have no 
relationship with susceptibility to high-altitude illness. In response to hypoxemia, 
erythropoietin is synthesized by the kidneys and stimulates the bone marrow to 
produce red blood cells (RBCs). Erythropoietin is detectable in blood within 2 h of 
ascent; Nucleated immature RBCs can be found on a peripheral blood smear within 
days; And new RBCs are seen in the circulation in 4–5 days. Over weeks to months, 
the mass of RBCs increase in proportion to the degree of hypoxemia. Iron supple-
mentation can be helpful; Women who take supplemental iron at high altitude 
approach the haematocrit values of men at altitude (Fig. 8.2). The field of erythro-
poietin and iron metabolism has exploded in recent years, with discovery of two 
new iron-regulating hormones, hepcidin and erythroferrone, and a novel, soluble 
erythropoietin receptor with function directly linked to performance at high alti-
tude. How all these findings are integrated and their responses seen in a scenario of 
acclimatization to hypoxia remain to be determined, and is a matter of further 
research and study.

The increase in haemoglobin seen 1–2 days after ascent to a higher altitude is 
caused by haemoconcentration secondary to decreased plasma volume, rather than 
by a true increase in RBC mass. This results in a higher haemoglobin concentration 
at the cost of decreased blood volume, a scenario that might impair exercise 

Fig. 8.2  Hematocrit 
changes on ascending to 
higher altitudes in men and 
in women with and without 
supplemental iron
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performance. Long-term acclimatization leads to an increase in plasma volume as 
well as in RBC mass, thereby increasing total blood volume. Overshoot of the 
hematopoietic response causes excessive polycythemia, which may impair oxygen 
transport because of increased blood viscosity.

Hematocrit changes on ascent to altitude in men and in women with (+Fe) and 
without (−Fe) supplemental iron.

�Oxyhemoglobin Dissociation Curve

The oxygen dissociation curve (ODC) plays a crucial role in depicting the oxygen 
transport. The sigmoidal shape of the curve allows SaO2 to be well maintained up 
to 3000 m (9843 feet), despite significant decreases in PaO2 (see Fig. 8.3). Above 
3000 m, small changes in PaO2 cause large changes in SaO2 (Fig. 8.3). Because 
PaO2 determines diffusion of oxygen from capillary to cell, small changes in PaO2 
can have clinically significant effects. This is often bewildering for clinicians 
because SaO2 appears relatively well preserved. At high altitude, small changes in 
PaO2 lead to lower oxygen uptake that can have a deleterious effect on systemic 
hypoxemia, and thus on clinical status, while SaO2 may appear relatively unchanged.

�Tissue Changes

The next thing in the oxygen transport chain is tissue oxygen transfer, which 
depends on capillary perfusion, diffusion distance, and driving pressure of oxygen 
from the capillary to the cell. Banchero [5] has shown that capillary density in dog 
skeletal muscle doubles in 3 weeks at PB of 435 mm Hg. A recent study in humans 
noted no change in capillary density or in gene expression thought to enhance mus-
cle vascularity. Ou and Tenney revealed a 40% increase in mitochondrial number 

Fig. 8.3  Oxygen-
haemoglobin dissociation 
curve showing effect of 
10–mm Hg decrement in 
arterial partial pressure of 
oxygen (PaO2) on arterial 
oxygen saturation (SaO2) 
at sea level (A) and near 
4400 m
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but no change in mitochondrial size, whereas Oelz and colleagues showed that high-
altitude climbers had normal mitochondrial density. A significant decrease in mus-
cle size is often noted after high-altitude expeditions because of net energy deficit, 
resulting in increased capillary density and ratio of mitochondrial volume to con-
tractile protein fraction as a result of the atrophy. Although there is no de novo 
synthesis of capillaries or mitochondria, the net result is a shortening of diffusion 
distance for oxygen (Table 8.1).

�Physiologic Changes during Acclimatization to Maintain Tissue 
Oxygen (O2) Delivery

•	 Involuntary increase in ventilation
•	 Increased haemoglobin concentration
•	 Haemoconcentration because of decrease in plasma volume (within days)
•	 Increased red blood cell mass (2–3 weeks)
•	 Increased affinity of haemoglobin for O2
•	 Steep portion of O2 disassociation curve
•	 Leftward shift of O2 disassociation curve from decreased PCO2 and increased pH
•	 Increased tissue O2 extraction with lowering of mixed venous O2
•	 Decreased cardiac output

Table 8.1  Comparison of acclimatization, evolutionary adaptation and physiological responses to 
extreme altitude
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•	 Increased time for O2 diffusion from alveolus to capillary because of slower 
blood flow

•	 Attenuates rise in pulmonary artery and capillary pressure

The arterial oxygen content (CaO2) reflects the total number of oxygen mole-
cules in arterial blood, both bound and unbound to haemoglobin. The greatest con-
tributor to the maintenance of CaO2 during acclimatization is the increase in 
respiratory rate [1]. A drop in PO2 leads to hypoxic stimulation of peripheral 
chemo-receptors, primarily in the carotid and aortic bodies causing an increase in 
the depth and rate of breathing. This is known as the hypoxic ventilatory response. 
A reduction in PaCO2 leads to respiratory alkalosis, which, at sea level, would nor-
mally exert an inhibitory effect on respiration causing arterial PCO2 and pH to 
return to normal levels. However, at higher altitudes, this inhibitory effect is over-
ridden by central medullary chemoreceptors, such that high rate of ventilation are 
maintained.

The persistent increase in the respiratory is because of the exit of HCO3 from the 
cerebrospinal fluid (CSF) with subsequent lowering of pH, which in turn stimulates 
the respiratory centre.

Acidification of the CSF is linked to decreased HCO3 reabsorption in the 
proximal tubule of the kidney, which is a compensatory response to chronic respi-
ratory alkalosis. This renal response is fully manifested over the course of 
2–3 days. In addition to the acid-base changes, increased ventilation is also driven 
by a sensitization of the carotid body to hypoxia during prolonged exposure to 
high altitude.

Changes in haemoglobin concentration and its affinity for oxygen also contrib-
ute to maintenance of CaO2 with respect to altitude. Within the first 1 to 2 days of 
exposure to higher altitudes, there is a rapid rise in haemoglobin concentration 
because haemoconcentration [4–6]. The decrease in plasma volume ranges from 
15% to 25% and roughly correlates with the degree of altitude attained. Circulating 
levels of erythropoietin increases rapidly, with peak levels being attended at 48 h 
to 72 h after arrival to a higher altitude. This rise is short lived. The levels of eryth-
ropoietin tend to return towards baseline in 5–10 days [5]. Red cell mass begins to 
slowly increase, shortly after the rise in erythropoietin levels but it takes several 
weeks to fully manifest. For subjects who remain at a given altitude for periods of 
less than a week, the change in red cell mass is trivial and would not make any 
significant contribution to the acclimatization process.

In addition to the increase in haemoglobin concentrations, the acclimatization 
process leads to changes in factors that can shift the position of the oxygen disas-
sociation curve leading to an either increase or decrease in oxygen affinity. The 
PaO2 at which haemoglobin is 50% saturated is called the P50. Increase in blood 
pH shifts the curve leftward, reflecting increased affinity of haemoglobin for oxy-
gen, whereas accumulation of red cell 2,3-diphosphoglycerate shifts the curve right-
ward reflecting decreased affinity for oxygen (Fig. 8.4).
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Fig. 8.4  Oxygen-
hemoglobin dissociation 
curve

�Renal Adaptations to High-Altitude Hypoxia

As described in the sections above, the initial response to high-altitude hypoxia is a 
respiratory alkalosis produced by an increase in the respiratory drive, leading to 
hyperventilation. Within minutes, the kidneys respond to the alkalosis with an 
increased excretion of bicarbonate ions; this renal effect can continue for hours or 
days and function to correct the alkalosis and return the pH of the serum toward a 
normal value.

The kidneys also respond to hypoxia by the increased synthesis of erythropoietin. 
Erythropoietin leads to an increase in red cell mass and the oxygen-carrying capacity 
of the blood (dissolved oxygen accounts for only about 2% of the oxygen-carrying 
capacity); However, it takes several days before an increased rate of erythrocyte 
production can be measured, and the process is not complete for weeks to months. 
For short-term ascents, the erythropoietin-mediated increase in red cell mass is of 
minor importance, although it is important for extended expeditions. The haemato-
crit, not the total haemoglobin, is increased during short-term ascents by a reduction 
in plasma volume caused by a hypoxia-mediated diuresis; the elevation in haemato-
crit increases the oxygen-carrying capacity per 100 mL of blood.

�Metabolic Adaptation of Skeletal Muscle to High 
Altitude Hypoxia

Physiological adaptations that can improve oxygen delivery in hypoxic individuals 
are well known and include increased respiratory rate and cardiac output, erythro-
poiesis, and possibly enhanced vascularization of tissues. At increased altitude, 
however, despite normal oxygen content and delivery up to 7000 m above sea level, 
exercise capacity is dramatically reduced, and inter-individual variation in oxygen 
content does not correlate with exercise capacity. These findings support an impor-
tant role for adaptive responses to a low arterial partial pressure of oxygen at the 
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tissue level. In the hypoxic myocyte, adaptations might aim to improve local O2 
delivery by redistributing mitochondria within the cell to minimize O2 diffusion 
gradients and also to limit ATP utilization by switching off non-essential cellular 
functions or to enhance ATP synthesis.

The master regulator for many of the body’s adaptive responses is hypoxia-
inducible factor 1 (HIF-1), a heterodimer transcription factor comprising HIF-1α 
and HIF-1β subunits. HIF-1α protein is continuously synthesized, and is predomi-
nantly regulated post-transcriptionally by the O2-dependent hydroxylation of two 
proline residues by the prolyl-hydroxylase enzymes (PHD1–3). Hydroxylation pro-
motes binding of the von Hippel-Lindau protein (VHL), leading to ubiquitination 
and proteasomal degradation. HIF-1α protein is thus stabilized in low concentra-
tions of O2, and accumulates spontaneously in the hypoxic cell. HIF-1β is constitu-
tively present in the nucleus, and when dimerized with HIF-1α is able to bind to 
hypoxia response elements (HREs) in the regulatory region of a number of genes, 
thereby activating their transcription (Fig. 8.5). The levels of HIF-target genes are 

Fig. 8.5  Mechanisms of hypoxic adaptation. (a) In hypoxia, HIF-1α spontaneously accumulates 
and combines with HIF-1β in the nucleus to activate the transcription of hypoxia-responsive genes 
and driving a number of metabolic adaptations: (i) BNIP3 upregulation leads to mitochondrial 
autophagy; (ii) a subunit switch at cytochrome c oxidase (COX), complex IV of the electron trans-
port chain, increases the efficiency of electron (e−) transfer, and attenuates reactive oxygen species 
(ROS) production; (iii) glycolytic enzymes and lactate dehydrogenase (LDH) are upregulated, 
increasing anaerobic ATP production and lactate; (iv) pyruvate dehydrogenase kinase (PDK) 
enzymes are upregulated, de-activating pyruvate dehydrogenase (PDH) and limiting the conver-
sion of pyruvate to acetyl CoA. (b) In normoxia, hypoxia inducible factor-1α (HIF-1α) is degraded, 
following O2-dependent hydroxylation by prolyl hydroxylase (PHD) enzymes
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precisely controlled in response to cellular O2 concentrations, and include those 
associated with improving O2 delivery to muscle, such as vascular endothelial 
growth factor (VEGF) and erythropoietin (EPO), and many metabolic enzymes or 
regulators of metabolism, including all glycolytic enzymes, pyruvate dehydroge-
nase kinase 1 (PDK1), and subunit 4–2 of mitochondrial cytochrome c oxi-
dase (COX).

�Substrate Switches and Anaerobic Metabolism

The glucose transporter, GLUT1, which mediates non-insulin-stimulated glucose 
uptake by heart and skeletal muscle, is upregulated in hypoxia in a HIF-dependent 
manner, and protein levels of both GLUT1 and the insulin-stimulated glucose trans-
porter, GLUT4, are increased in hypoxic rat skeletal muscle, although mRNA levels 
are unchanged. Curiously, no HRE has been identified in the GLUT4 gene, although 
its expression patterns correlate with HIF-1 activity, perhaps suggesting that it is 
indirectly regulated by HIF-1α.

Measurement of metabolic enzyme activities in the skeletal muscle of rats housed 
in hypoxic-hypobaric chambers has suggested that shifts towards glycolysis are 
dependent on muscle type as well as activity levels.

In hypoxic epithelial cells, a dramatic reduction in levels of the fatty acid-
activated transcription factor peroxisome proliferator-activated receptor (PPAR)α 
was mediated by HIF-1. PPARα activation increases the expression of a number of 
proteins associated with fatty acid oxidation, and is therefore a mechanism for a 
metabolic shift towards fat metabolism. Downregulation of the PPARα gene regula-
tory pathway and a number of PPARα target genes, including uncoupling protein 3 
(UCP3), occurs in the hypoxic heart. In muscle fibres, however, it appears that the 
hypoxic response may be critically mediated by an up regulation of PPARα, which 
might promote anaerobic glycolysis by de-activating PDH via the up regulation of 
another pyruvate dehydrogenase kinase isoform, PDK4. PPARα activation could, 
however, increase inefficient fatty acid oxidation. Indeed, lipid metabolism in liver, 
and fatty acid uptake and oxidation in skeletal muscle increased in rats exposed to 
10.5% O2 for 3 months.

Furthermore, PPARα activation could activate mitochondrial uncoupling in 
hypoxic skeletal muscle by upregulation of UCP3, leading to relatively inefficient 
metabolism, and a recent study has shown that UCP3 is upregulated in hypoxic 
skeletal muscle via another PPARα-independent mechanism. Mitochondrial uncou-
pling by UCP3 can be activated by superoxide and may be an additional mechanism 
of antioxidant defence in the hypoxic cell, but at the cost of decreased metabolic 
efficiency, as protons re-enter the mitochondrial matrix independent of ATP synthe-
sis. The regulation of mitochondrial efficiency, however, may occur independently 
of gene transcription mechanisms, and liver mitochondria from non-hypoxic accli-
matized rats were found to have an improved phosphorylation efficiency and 
depressed uncoupling when respiration was measured under hypoxic conditions.
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Chapter 9
Acute Mountain Sickness

Prithwis Bhattacharyya, Debasis Pradhan, and Prakash Deb

�Case Presentation

A 45  years old non smoking healthy hiker, from an expedition group in the 
Himalayas, was scaling a 7000 meter (m) high mountain in Nepal. The team took 
3 days to reach 4500 m by vehicle and spent there three nights. On routine check, 
the hiker did not show any altitude related signs and symptoms. Next day climb was 
of 500 m ascent over 12 kilometer (km) distance and weather remained quite snowy 
the whole day. On that day, his fluid intake and urine output got reduced. Hiker felt 
mild tiredness and had fragmented sleep. The next day, they reached next camp site 
at 5600  m which they achieved following a hike of 4.5 kilometer with further 
reduced intake and output. Weather remained harsh during both the days. On arrival 
at 5600 m, he complained of headache and incoordination, he had normal diet and 
took paracetamol and slept. Teammate complained of rapid and periodic breathing. 
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At 2 o’clock in early morning, his pulse rate 130/min, regular, respiratory rate of 30/
min, saturations (SpO2) was 60%, his Lake Louise acute mountain sickness self-
assessment questionnaire score (LLS) was 8. Then he was attended by the medical 
team at the well-equipped base clinic.

Q—What is the probable diagnosis? How is it self-reported? Main modalities of 
management? What happens if he continues to ascend untreated?

Ans—This is acute mountain sickness (AMS), one form of high altitude syndromes 
which includes acute hypoxia, AMS, high altitude pulmonary edema (HAPE), 
high altitude cerebral edema (HACE), high altitude retinopathy, bronchitis and 
others. It can be self-reported by using the Lake Louise acute mountain sickness 
self-assessment questionnaire score (LLS) which has been described in Table 9.2. 
Management includes no further ascend to higher sleeping altitude if symptom-
atic, plan to descend if symptomatic on medical management and descend with 
oxygen if there are symptoms of HAPE or HACE. If untreated, he will progress 
to moderate to severe AMS, HAPE and or HACE [1–3].

�Introduction

As the altitude increases the atmospheric pressure decreases leading to fall in the 
partial pressure of oxygen in the inspired air and alveoli which leads to decreased 
partial pressure in the arterial blood while the inspired oxygen concentration being 
21% at all the levels of troposphere. Alveolar gas equation explains this part of the 
physiology quite well, PAO2  =  PiO2 (PACO2/R), PIO2  =  FiO2 (PATM  – PH2O), 
PAO2 = partial pressure of oxygen in alveolus, PiO2 = partial pressure of oxygen in 
inspired air, PACO2 = partial pressure of carbon dioxide in alveolus, R = respiratory 
quotient, FiO2 = Fraction of oxygen in inspired air, PATM = atmospheric pressure, 
PH2O = standard vapour pressure (SVP) of water at 37 °C. Altitude can be classified 
into intermediate, high, very high and extreme altitude (Table 9.1) [1].

Hypobaric hypoxia directly leads to various presentations such as acute hypoxia, 
AMS, HAPE, HACE, retinopathy, peripheral oedema, sleeping problems and a 
group of neurologic syndromes. Each of these clinical manifestations has distinctive 
pattern and phenotype while sharing the same fundamental aetiology of hypobaric 
hypoxia. All are presented with similar history of rapid ascent with or without 
appropriate acclimatisation, and respond to the same management strategy of 
descent and various forms of oxygen therapy. Sleeping altitude plays a critical role 
in the pathophysiology of altitude illness, because hypoxemia is maximal during 
sleep [1, 2].

AMS is a syndrome characterized by headache along with combination of nau-
sea or vomiting, dizziness, fatigue, or sleep disturbance [1]. While AMS is very 
uncommon under 2500 m, but at 3000 m it affects upto 75% of non-acclimated 
climbers [4]. The reported incidences of AMS among the climbers are 40% and 
70% while trekking Mount Everest and Mount Rainier respectively (higher in later 
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Table 9.1  Stages of altitude, its physiologic effect and clinical impact [1, 2]

Altitude
Height in 
meters (Feet) Physiologic effect Clinical impact

Intermediate 1520–2440 
(5000–8000)

Increased alveolar ventilation
Decreased exercise performance
No major impact on arterial 
oxygen transport

Rapid ascent leads to 
transient mild symptoms
Moderate to severe 
illness- uncommon

High 2440–4270 
(8000–14,000)

Decreased arterial oxygen 
saturation (SaO2)
Hypoxemia during exertion and 
sleep

Rapid decline with smaller 
ascent
Individuals with 
comorbidities becomes 
symptomatic

Very high 4270–5490 
(14,000–
18,000)

Further decrease in SaO2

Hypoxemia at rest
Can avoid changes with a period 
of acclimatisation

Chances of altitude illness 
high
Increased risk of HAPE and 
HACE

Extreme >5490 
(>18,000)

Severe hypoxemia and 
hypocapnia
Physiological derangements 
supersede benefits of 
acclimatization

Complete acclimatization not 
possible
Longer stays lead to gradual 
deterioration
Limited physiologic reserve
Incapacitated individual 
dependent on others for 
survival

group due to rapidity of ascent) [1]. Certain phenotypes with blunted ventilatory 
response to hypoxia have a high threshold to develop AMS. Cardiovascular training 
status and gender have little influence on attack rates. While children have similar 
tendency as adults, those >50 years of age tend to have less tendency to develop 
AMS. Obesity related nocturnal oxygen desaturation appears to increase the risk of 
AMS [5]. People with history of AMS are at greater risk than those who have toler-
ated similar trips in the past. Pre-existing diseases can increase AMS risk by magni-
fying the effects of the hypoxia. Common comorbidities such as anaemia (reduced 
oxygen-carrying capacity of the blood) and chronic obstructive pulmonary disease 
(reduced degree of oxygenation occurring in the lungs) increases the risk of AMS 
by exaggerating the effects of hypobaric hypoxia [4].

�Pathophysiology

Following acute exposure to hypobaric hypoxia AMS can develop within 4–8  h 
whereas HACE and HAPE typically occur 2–4 days after exposure [2] Though the 
exact etiopathogenesis of AMS is unclear, hypobaric hypoxia plays a major role. 
Hypoxia induced cerebral vasodilation increases cerebral blood flow and cerebral 
blood volume which lead to mild AMS.  Persons who progress to HACE, have 
increased T2 signal on MRI and this finding may support above aetiopathogenesis. 
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Another cause of AMS and HACE can be leaky blood–brain barrier (BBB) due to 
loss of autoregulation (caused by hypoxia) leading to overperfusion and or increased 
permeability caused by inflammatory mediators [1]. Hypoxia induces the release 
vascular endothelial growth factor, nitric oxide, reactive cytokines, and free radi-
cals, which in turn mediate brain endothelial permeability [2]. Individuals with 
strong anti-inflammatory response will have less disruption of BBB and are resis-
tant to develop AMS [6]. The benefits of dexamethasone in the treatment of AMS 
also supports the vasogenic hypothesis [1]. With increasing severity, cytotoxic 
oedema sets in secondary to ischaemia from the ongoing hemodynamic changes, 
inflammatory mediators, vasogenic oedema and increased blood volume to intracra-
nial ratio [7]. Tight fit hypothesis, proposed three decades ago, suggests increased 
susceptibility to develop AMS and HACE in individuals with decreased intracranial 
compliance. Individuals with decreased CSF buffering capacity will have lower 
intracranial compliance. Such individuals will have greater rise in intracranial pres-
sure in response to hypoxia related increased intracranial blood volume and cerebral 
oedema. The findings of lumbar puncture, MRI brain and serial optic nerve sheath 
diameter supports the tight fit hypothesis [2].

�Diagnosis

As per the Lake Louise Consensus, diagnosis of AMS is made when a person in the 
setting of recent altitude gain, presents with headache and at least one of the follow-
ing symptoms: gastrointestinal (GI) (anorexia, nausea or vomiting), fatigue or 
weakness, dizziness or light headedness, difficulty sleeping. HACE is considered as 
the “end stage” or severe AMS and is diagnosed in the setting of recent altitude gain 
presenting with either presence of change in mental status and or ataxia in a person 
with AMS or presence of both mental status change and ataxia in a person without 
AMS. Lake Louise AMS self-questionnaire (Table 9.2) can be used to self-report 
and plan the management based on the severity [3].

Mild AMS has similar presentation to that of hangover (Ethanol) with consti-
tutional symptoms such as lassitude and weakness. Headaches are usually bifron-
tal and worsen with exertion, bending over, or Valsalva manoeuvre. GI symptoms 
include anorexia, nausea, and sometimes vomiting (especially in children). The 
person with AMS can be irritable and often wants to be left alone. The Lake 
Louise AMS self-report questionnaire (Table 9.2) can be helpful in following the 
severity of the illness. Mild AMS has nonspecific physical findings with variable 
heart rate and blood pressure within the normal range, although postural hypoten-
sion may be present. The percent SaO2 correlates poorly with the diagnosis of 
AMS.  On auscultation localized rales are heard in 20% of persons with 
AMS. Fundoscopy findings include venous tortuosity and dilatation, and retinal 
haemorrhages at altitudes >5000 m (>16,400 feet) and in those with HAPE and 
HACE. Facial and peripheral oedema may be present. Optic nerve sheath diame-
ter increases with altitude due to oedema but rarely correlate with AMS 
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Table 9.2  Lake Louise AMS self-questionnairea [3]

Symptom Score Description

Headache 0 No headache
1 Mild headache
2 Moderate headache
3 Severe headache, incapacitating

GI symptoms 0 No symptoms
1 Poor appetite or nausea
2 Moderate nausea or vomiting
3 Severe nausea and vomiting, incapacitating

Fatigue/weakness 0 Not tired or weak at all
1 Mild fatigue or weakness
2 Moderate fatigue or weakness
3 Severe fatigue or weakness, incapacitating

Dizzy/light-headedness 0 No dizziness/light-headedness
1 Mild dizziness/light-headedness
2 Moderate dizziness/light-headedness
3 Severely light-headed, fainting/passing out

Difficulty sleeping 0 Slept well
1 Did not sleep as well as usual
2 Woke many times, poor night’s sleep
3 Could not sleep at all

Classification of AMS based on the score: mild- 2–4, moderate 5–9, severe 10–15
aAMS is diagnosed when there is headache plus one or more of the other symptoms

development [8]. Severe headache accompanied by vomiting and decreased urine 
output indicated further progression of AMS. Victim requires assistance in eating 
and dressing due to lassitude. Onset of ataxia or altered level of consciousness 
marks the progression to HACE. Coma may ensue within 12  h if treatment is 
delayed. AMS in preverbal children is a diagnosis of exclusion due to difficulty in 
diagnosis [9].

AMS is a clinical diagnosis in the high altitude setting based on the presence of 
headache with or without other typical presentations and this does not have specific 
investigations [4]. The differential diagnosis in this setting includes but not limited 
to tension headache, migraine, dehydration, caffeine withdrawal, viral illness, CNS 
infections (meningitis, encephalitis), carbon monoxide (CO) poisoning, alcohol 
intoxication/ toxidrome, hypothermia, gastroenteritis, intracranial pathology such 
as mass, hemorrhage, aneurysm, venous sinus thrombosis, acute angle closure 
glaucoma. CO poisoning is not very uncommon in high altitude cold climate set-
tings and may have similar presentation to that of AMS. Decreased oxyhemoglobin 
level in CO poisoning exacerbate the hypobaric hypoxia of high altitude. In climb-
ers with a personal or family history of migraine, hypoxia may trigger an acute 
attack of migraine [10, 11]. Headache due to AMS resolves within 10–15 min of 
oxygen therapy as compared to non-AMS headache and helps in ruling out 
others [1].
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�Management

Successful management of AMS includes early diagnosis, careful observation, pre-
vention of further progression, symptomatic management and acclimatization. 
Fundamentals of AMS treatment are (a) if symptomatic, do not ascend to a higher 
sleeping altitude, (b) if no improvement or worsening of symptoms with ongoing 
treatment, descend to a lower altitude, (c) in presence of HACE or HAPE, plan 
immediate descent and treatment [1].

�Oxygen Therapy and Descent

Mild AMS is usually self-limited, does not need oxygen supplementation and a halt 
in ascent followed by 12–36 h of acclimatization provides good relief. Remarkably, 
a drop in sleeping altitude of only 300 to 1000  m (980 to 3280  feet, even upto 
500 feet is usually effective) in ameliorating symptoms. If descent is not feasible, to 
simulate descent, patient is inserted into the fabric chamber (Gamow® bags) and 
manual or automated pump achieves a pressure of 0.9 kg/2.5 cm2 (2 lb./in2) which 
is equivalent to a drop in altitude of 1500 m (4920 feet). Effective ventilation to 
avoid CO2 accumulation and oxygen depletion is achieved by valve system. Oxygen 
supplementation quickly relieves headache and dizziness. Nocturnal administration 
of low-flow oxygen (0.5–1 L/min) is particularly helpful. Severe AMS and HACE 
warrants both, immediate descent and oxygen therapy [1].

�Acetazolamide

Acetazolamide, a renal tubular carbonic anhydrase inhibitor, decreases renal reab-
sorption of bicarbonate, leading to bicarbonate diuresis and metabolic acidosis 
which stimulates ventilation. This hyper ventilatory response increases PaO2, 
reduces harmful effects of hypobaric hypoxia and improves sleep by reducing noc-
turnal periodic breathing. Other beneficial effects are diuresis leading to decrease in 
fluid retention, decrease in CSF volume and intracranial pressure, maintenance of 
cerebral blood flow despite greater hypocapnia, relaxation of smooth muscles, and 
upregulation of fluid resorption in the lungs (beneficial effect in HAPE) [1, 2]. 
Acetazolamide accelerates acclimatization and, if given early in the development of 
AMS, may rapidly resolve symptoms [2]. The treatment regimens for AMS are 
mentioned in table. Adverse effects occur more commonly with higher doses, which 
include peripheral paresthesias, polyuria, and sometimes nausea, drowsiness, tin-
nitus, transient myopia and dysgeusia (altering flavour of carbonated beverages). 
Although it carries low cross-reactivity in individuals with sulfa antibiotic allergy, 
acetazolamide should be avoided in such situations. Also it should be avoided in 
pregnancy and lactation. Treatment should be continued until the symptoms of 
AMS resolve. It need to be restarted if symptoms reappear [1, 2].
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Table 9.3  Medications for AMS [1]

Acetazolamide
Prevention of 
AMS

125–250 mg PO twice a day beginning 24 h before ascent and continuing 
during ascent and for at least 48 h after arrival at highest altitude

Treatment of 
AMS

250 mg PO every 8–12 h

Paediatric 
AMS

5 mg/kg/day PO in divided doses every 8–12 h

Periodic 
breathing

125 mg PO 4 h before bedtime

Dexamethasone
Treatment of 
AMS

4 mg every 6 h PO, IM or IV

�Dexamethasone

Dexamethasone known to decrease inflammatory properties, reduce cerebral blood 
flow, and block the action of vascular endothelial growth factor. Reduction of AMS 
symptoms may be the result of these and or its euphoric effects [2]. Dexamethasone 
is quite effective treatment for AMS (Table 9.3), but is best reserved for moderate to 
severe AMS because of its potential side effects. Dexamethasone does not aid in 
acclimatization, some rebound symptoms may follow discontinuation. A short taper 
period may prevent rebound. Its prophylactic use is preserved for cases of emer-
gency rapid ascent (professionals involved in mountain search and rescue opera-
tions). It is often clinically beneficial to use simultaneously with acetazolamide (to 
hasten acclimatization), in patients with acetazolamide intolerance (to allow dose 
reduction of acetazolamide). A brief course of dexamethasone along with acetazol-
amide helps in symptomatic relief and facilitate descent. Side effects include but not 
limited to gastrointestinal irritation, gastritis, esophagitis, mood alteration and gas-
troesophageal reflux [1, 2].

�Antiemetics and Analgesics

Prescriptions for altitude related headache can include acetaminophen 
(650–1000 mg) or ibuprofen (600–800 mg) or aspirin (650 mg) [1]. Use of nar-
cotics for treatment of headache should be avoided because of depression of the 
hypoxic ventilatory response (HVR) and respiratory drive during sleep [2]. 
Ondansetron, 4–8  mg as orally disintegrating tablets every 4–6  h, effectively 
treats nausea and vomiting associated with AMS and should be the first-line anti-
emetic in this setting [1]. Antiemetics such as prochlorperazine stimulates 
HVR [2].
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�Improve Sleep Quality

Periodic breathing causes frequent night time awakening. Before bedtime, acetazol-
amide, 62.5–125  mg, improves sleep oxygenation and reduces apnoeic periods, 
thereby improves sleep quality. Other safe hypnotics that do not cause respiratory 
depression include zolpidem, zopiclone, and diphenhydramine [1]. Benzodiazepines 
should be avoided as it decreases ventilation during sleep [2].

�Prevention

Gradual or staged ascent with adequate time for acclimatization is the best method 
of prevention, however time constraints make such recommendations unrealistic. 
Sleeping altitude is very critical and first night should not be spent at an altitude 
higher than 2800 m (9200 feet). Mountaineers and trekkers should avoid abrupt 
ascent to sleeping altitudes over 3000 m (9840 feet) and allow two nights for each 
1000 m (3230 feet) gain in camp altitude starting at 3000 m (9840 feet). For every 
3000 to 5000 feet of altitude gain above 10,000 feet, one extra night of acclimati-
zation (sleeping at the same altitude) should be allowed. Also, the principle of 
“climb high and sleep low” helps (Climbing to higher altitude during day time 
followed by return to a lower sleeping altitude). Other preventive measures include 
avoiding overexertion (mild to moderate exercise helps in acclimatization), alco-
hol, and respiratory depressants. Adequate hydration, preferably by using balance 
salt solutions, aiming for relatively clear and normal urine output is recom-
mended [1, 2].

Prophylactic acetazolamide benefits those with a history of AMS and those with 
forced rapid ascent to a sleeping altitude above 2500 m. For prophylactic use, acet-
azolamide (250 mg twice daily, can be reduced to 125 mg to avoid side effects) 
should be started 24 h before the ascent and should be continued for the first 2 days. 
It can be restarted on reappearance of symptoms. Acetazolamide reduces the symp-
toms of AMS by approximately 75% in persons ascending rapidly to sleeping alti-
tudes of >2500 m (>8200 ft) [12]. Dexamethasone is an alternative to prevent AMS 
for those with anaphylaxis to sulfa, the doses are 2 mg every 6 h or 4 mg PO every 
12 h, starting the day of ascent and continuing for the first 2 days at altitude [1, 13].

Several promising recent studies suggest that over-the-counter analgesics such as 
ibuprofen and acetaminophen are effective for AMS prevention. Among individuals 
climbing above 3800 m (>12,000 feet), ibuprofen was shown to reduce the inci-
dence of AMS from 69% to 43% [14]. Ibuprofen may exacerbate high-altitude gas-
tropathy found in some, theoretically leading to GI bleeding [15, 16]. When 
acetaminophen was compared to ibuprofen, both medicines performed similarly in 
reducing incidence of AMS [17].

Although gradual ascent and acclimatisation are the most effective means of 
preventing altitude illness, this strategy is not always feasible. Numerous 
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pre-acclimatization protocols use intermittent exposure either to hypobaric hypoxia 
by use of hypobaric chambers or normobaric hypoxia through commercially avail-
able low-oxygen tents or breathing masks. Even though many of these strategies 
induce physiologic responses suggestive of acclimatization, only a few are able to 
demonstrate a significant decrease in AMS incidence [18, 19]. An efficient and 
effective pre-acclimatization strategy is yet to be determined.
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Chapter 10
Chronic Mountain Sickness (Monge’s 
Disease)

Ranajit Chatterjee (Chattopadhyay) and Nishant Kumar

A 40-year-old engineer overseeing a hydroelectric plant in the Tibetan plateau born 
and brought up in the Peruvian Andean mountains complained of headache, insom-
nia, loss of appetite, loss of concentration, burning sensation in hands and bone and 
muscle pains. He complained of increasing breathlessness and dilatation of veins 
on his hands and feet.

�What Is the Diagnosis?

The person is most likely suffering from chronic mountain sickness.

�Eponym

Monge’s Disease.
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�Historical Terms

High altitude excessive polycythemia or erythrocytosis.
Excessive erythrocytosis.
High altitude pathologic erythrocytosis.

�Definition

Chronic mountain sickness (CMS) has been defined as a clinical syndrome occur-
ring in natives or residents residing above 2500 m altitude for prolonged periods. It 
develops gradually and is characterised by excessive erythrocytosis, hypoxia, pul-
monary hypertension leading to cor- pulmonale and congestive heart failure [1] 
most likely due to loss of ‘adaptation’ to high altitude [2].

The clinical picture disappears gradually on descent to lower altitudes but reap-
pears on reascent to altitude above 2500 metres [1].

�Historical Aspect

First described by Charles Monge in 1928 as ‘Erythremia of high altitude’ [3], 
chronic mountain sickness, an entirely different entity from acute mountain sick-
ness, is due to failure of an individual to fully acclimatise or loss of acclimatisation 
after living asymptomatically for years at a high altitude.

While the most common features are due to excessive erythrocytosis or polycy-
themia vera, fibrosis of lungs, neurologic and psychiatric forms have also been 
described [2].

Monge has described two stages of mountain sickness: sub-acute and chronic 
which are distinct from acute altitude sickness [2].

�Epidemiology

�Distribution and Ethnicity

More than 140 million people reside permanently at high altitude, mainly in the 
Andes (Peru, Bolivia, Argentina: South America), Himalayas (Tibet, India, Nepal, 
China and Bhutan) and East African Highlands (Ethiopia). However, not all are 
affected. The incidence of the disease varies from 5–33% based on altitude and 
ethnicity [4].

R. Chatterjee (Chattopadhyay) and N. Kumar



85

CMS has been extensively studied in the Andean population. This could be due 
to the fact that most of the high-altitude permanent settlements including the highest 
city in the world (La Rinconada 5100–5300 m) lie in this region [4]. The highest 
incidence of 33.7% has been reported from the mining town of Cerro de Pasco in 
Central Peru (4300 m) in population aged 60-69 years, which was found to be only 
6.8% in the younger age group (20–29 years) [5, 6]. In Bolivia, where two-thirds of 
the population resides above 3000 m, the incidence is only 8–10% [7].

However, the prevalence of CMS in residents of Tibet (0.91–1.2%) are much 
lower and the native population has been well adapted over the years despite living 
at an average higher altitude than the Andean population [6]. The Chinese Han 
migrants living in the same region have a higher prevalence of 5.6%-17.8% indicat-
ing that ethnicity plays an important role in etiology [6, 8, 9].

Prevalence of high altitude cor- pulmonale from Tien Shan and Pamir mountains 
(3000–4200 m) in Kyrgyzstan has been reported to be 4.6% in the male popula-
tion [5].

Studies from India (Himachal Pradesh and Ladakh) record a prevalence of 
6.17%-28.7% [10, 11] and 6.87% respectively [12].

The CMS prevalence in the East African mountains has been studied the least. 
Studies in Ethiopian highlands have reported no cases of CMS and appear to be 
most adapted for life at HA [13–15].

�Aetiology

The most accepted aetiology of CMS is loss or malfunction of the adaptive process 
of acclimatisation, which refers to the physiological changes (excessive eryhthrocy-
tosis) occurring in the human body in response to the decrease in PO2atm with 
increase in altitude above sea level. This starts at >2500 m but is most evident at 
4000 m and above, above the sea level.

�Pathophysiology

The response to constant exposure to hypobaric hypoxia is alveolar hypoxia, hypox-
emia and resultant polycythemia which develops over a period of time. This is gener-
ally what occurs when a someone ascends from sea level to altitudes above 2500 m. 
There is an acute adaptation, the failure of which is termed acute mountain sickness, 
and then there are biological homeostatic adaptations which are found in natives or 
after long stay at these altitudes. Inability to achieve the homeostasis/ adaptation or 
subsequent loss in individuals who have been well adapted is termed as chronic 
mountain sickness [2]. Let us look at the changes that occur in natives which help 
them survive in the rarefied environment under constant hypoxic conditions.
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The underlying cause of CMS has always been associated with an increase in 
erythrocytic count or as measured clinically, haemoglobin. However, as Monge him-
self has clarified, this is more of a misinterpretation and what he referred to was a 
clinical syndrome rather than just a rise in RBCs [2]. The increase in Hb is also asso-
ciated with the altitude [10], duration spent at that altitude [16–18], age [5, 6, 19] and 
underlying genetic composition [20–23]. It is reasonable to deduce that increasing Hb 
levels would increase the oxygen content of the blood and thus ameliorate the prevail-
ing hypoxic conditions. Recent studies seem to challenge this concept [4, 7, 24]. With 
an increasing Hb, there appears to be a plateau phase beyond which a further increase 
does not improve pO2 and in fact is detrimental because of increased viscosity and 
volume leads to congestive symptoms, the cardiac output is variable and oxygen 
extraction increases. This affects the pulmonary blood flow and V/Q relationship 
resulting in impaired pulmonary gas exchange. The arterial hypoxemia that ensues, 
further propagates erythropoiesis leading to a vicious cycle and further increasing the 
symptoms. This also forms the basis of early treatment of phlebotomy and hemodilu-
tion which cause a dramatic reduction in symptoms. That is why all risk scores and 
initial treatment modalities rely on the Hb levels and an Hb >21 g/dl has been associ-
ated with an increased risk of developing CMS [7]. An association between cobalt 
toxicity and excessive erythrocytosis has been suggested by Jefferson et al. [25] A 
recent study by Hancco et al. seems to refute this fact. They found an incidence of 
44% for excessive erythrocytosis and a prevalence of 26% for CMS in a population 
residing at >5000  m in La Rinconada, Peru, however, individuals with excessive 
erythrocytosis reported less severe symptoms than those with lower haematocrit [4].

Hypoxia and hypercapnia have been identified as the root underlying features in 
CMS. Alveolar hypoventilation predominates along with V/Q mismatch and wid-
ened alveolar-arterial pO2 gradient [26].

Hyperventilation in response to hypoxia is stimulated by carotid bodies but this 
hypoxic ventilation response (HVR) is blunted in these patients. Although no 
change in structure or function of the carotid bodies has been found, experimental 
studies denote more of a central mechanism for this response or only a marginal 
contribution of the peripheral chemoreceptors. The time constant for peripheral 
response to an increase in CO2 is similar in HA and CMS individuals, however, the 
central response is much slower in CMS [27].

The central chemoreceptors respond to changes in CO2 and H+ ions. The sensitiv-
ity of these cells to CO2 in presence of hypoxia is greatest in HA dwellers as com-
pared to sea level inhabitants and those suffering from CMS. This indicates that the 
ventilatory response elicited in response to increase in CO2 would be highest in HA 
individuals, but is blunted in those with CMS thus leading to further hypoxia and 
the characteristic symptoms. This is due to the fact that the central chemoreceptors 
in CMS operate around the resting CO2 levels, which are closer to individuals resid-
ing at sea levels as is also the case with HCO3

− and pH levels [27].
The CMS individuals show a lower basal sympathetic vasomotor activity which 

may be mediated due to a high circulating blood volume seen in response to chronic 
hypoxia as described above [28]. A previous study has demonstrated the same effect 
in HA native Sherpa population when compared to the acclimatized low landers [29].
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The vagal tone tends to be increased in HA natives with heart rates often resem-
bling those of athletes at sea level [5]. The interesting fact in CMS is the inability 
to increase the heart rate in response to increased oxygen demand which is pre-
served in natives without the disease and is the cause of many of the symptoms 
associated with the disease [30]. In fact, as described by Monge, there is an inap-
propriate paradoxical bradycardia when oxygen demand is increased, and a reflex 
tachycardia after cessation which also results in resolution of symptoms [2]. There 
are changes in rhythm, sinus arrhythmia is accentuated and shortening of PR inter-
val, inverted P waves, ST-T abnormalities, atrial and ventricular premature contrac-
tions consistent with a hypoxic myocardium. This occurs despite the fact that 
noradrenaline and adrenaline levels are higher in CMS patients than in native HA 
dwellers [27].

The arterial pressure in CMS is similar to those of HA natives. They respond 
well to the orthostatic stress, but the sympathetic response is less with smaller 
increase in heart rate as described above. The venous pressure on the other hand is 
increased, probably due to high viscosity and increased blood volume which mani-
fests as dilated and tortuous veins.

Cerebral blood flow and autoregulation remain similar in CMS, HA natives and 
lowlanders. However, on descent to sea level, CMS individuals show a larger fall in 
cerebral blood flow with little change in resistance. As explained above, this due to 
a higher set point which normalises on descent [31].

Despite an almost of a century of research, the exact pathophysiology remains 
elusive and only the altered homeostasis in afflicted individuals has been studied 
with much speculation and hypothesis.

�Pathogenesis of High Altitude Pulmonary 
Hypertension (HAPH)

High altitude pulmonary hypertension has been described as a distinct form of CMS 
from the beginning. The consensus statement on chronic and high altitude diseases 
in 2005 has classified CMS as a consequence of excessive erythrocytosis, with or 
without the presence of HAPH (other than that commensurate with altitude), often 
seen in older individuals, while the latter, sometimes described as subacute CMS, 
has been described in children and young adults without the presence of excessive 
erythrocytosis [1].

Adaptation to high altitude (hypobaric hypoxia) mandates changes in the oxygen 
storage, delivery and utilisation. While pulmonary hypertension is a reasonable end 
point explanation of chronic hypoxia, the study of Tibetan natives who have been 
residing at HA since centuries, revealed normal pulmonary artery pressures (PAP) 
and minimal hypoxic pulmonary vascular reactivity. They also had higher SaO2 and 
lower Hb levels as compared to Han immigrants and Andeans, and could be assumed 
to have reached complete adaptation [8].
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Therefore, development of HAPH would indicate incomplete adaptation for 
compatibility with life at HA.  While mild and moderate forms often fare well, 
severe disease mandates early management.

The newborns at sea level and HA show similar anatomical and physiological 
characteristics with a right ventricular hypertrophy and similar PAP. However, while 
the right heart preponderance regresses rapidly at sea level, the hypertrophy and 
increased PAP, pulmonary vascular resistance persist in natives of HA due to delayed 
remodelling of the distal pulmonary vasculature. There is a delayed closure of duc-
tus arteriosus and results in an increased incidence of patent ductus arteriosus [5].

The underlying cause of development of pulmonary hypertension in HA natives 
is the proliferation of smooth muscle cells in the distal pulmonary artery and arteri-
oles, which increases the vascular resistance. In addition, secondary factors such as 
hypervolemia, polycythemia and increased blood viscosity further promote vaso-
constriction, thus aggravating pulmonary hypertension [5, 32].

Recently association between iron levels and pulmonary circulation in response 
to hypoxia has been shown. It was found that iron infusion prior to induced hypoxia 
abolished or reduced the rise in pulmonary artery pressures, conversely, chelation of 
iron with deferoxamine increased PAP. Smith and colleagues demonstrated a rise in 
PAP due to phlebotomy as a treatment of CMS, whereas, iron administration 
reduced PAP [33, 34]. However, like the elusive pathophysiology of CMS, exten-
sive research is required to fully understand the mechanisms for the development 
of HAPH.

�Risk Factors

�Age

The incidence of CMS increases with increasing age. The cause is an excessive 
erythrocytosis occurring in response to hypoventilation which is accentuated with 
increasing age. There is no change in ventilatory rates in adults upto 69 years of age 
at sea level, however, the PaO2 decreases with age. Since this decline lies on the 
plateau of the HbO2 dissociation curve, the hypoxemia is not noticeable and does 
not induce a polycythemic response, which is reversed in CMS [19].

�Altitude

High altitude has been defined as a height of 2500 m or more above sea level. At this 
level the atmosphere starts thinning and the PO2 starts decreasing. Most cases of 
CMS have been reported from areas well above 3000 m, with the incidence and 
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severity increasing with altitude. In fact, most severe cases have been reported at 
altitudes above 4000 m. This could also be due to the fact that the symptoms being 
milder at lower altitudes, many remain undiagnosed, thus undermining the exact 
extent of the disease and its public health implications.

�Gender

To say that CMS affects mainly males would not be untrue. Literature is replete 
with observations and case reports that cite only males. The incidence of signs 
suggestive of cor-pulmonale was much higher in Kyrgyz males (23%) as com-
pared to females (6%) [5]. Epidemiological studies from India though found no 
association of the disease with gender [10, 11]. The reason for male predilection 
could be the natural protection young females beget due to the effect of hormones 
on ventilation and natural phlebotomies experienced during menstruation [9, 
35, 36].

�Ethnicity

As has been discussed earlier, the Ethiopians living at altitudes above 3000 m 
seem immune to the disease, while the Tibetans and Sherpas are the best adapted. 
The immigrant Chinese Han males, on the other hand, have a much higher inci-
dence in the same region and altitudes. This could be an evolutionary change as 
these regions have been inhabited for more than 2000 years. The least adapted 
and the highest incidence is to be found in the Andean population of Peru and 
Bolivia.

�Duration of Stay

So, when do we call this disease to be chronic? Is there a cut off for time spent at 
high altitude before it can be considered that the individual has lost his adaptation?

While most authors consider a period of having spent asymptomatic 5 years or 
more at high altitude before the new symptoms are noted, periods as less as 2 months 
without symptoms have been attributed to be deemed sufficient for the probable 
diagnosis of CMS [18].

With prolonged exposure to low PaO2, erythrocytosis in susceptible individuals 
is bound to increase, thus there is a direct linear relationship between the duration 
of stay and incidence and severity of the disease.
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�Genetics

Since there is wide variation in the incidence and maladaptation to high altitude 
among various ethnicities, a possible genetic change or mutation seems probable to 
either offer protection or make an individual more susceptible to the disease.

CBARA1, VAV3, ARNT2 and THRB, CIC, LIPE and PAFAHIB3 are associated 
with adaptation in Ethiopians [23].

Specific single nucleotide polymorphism (SNP) in the EPAS1 and EGLN1 genes 
are responsible for a lower Hb concentration in Tibetans, thus offering protection 
against the development of disease [22, 37–39]. Products of this gene Hypoxia 
Inducible Factor 2 (HIF2), GATA and Prolyl Hydroxylase Domain 2 (PHD2) regu-
late erythropoiesis at the transcriptional level [40].

Since the incidence is highest in the Andean population, and the individuals 
with the disease exhibit heritable and familial character, genetic mechanism might 
be at play. ANP32D, SENP1, G allele NOS3 and vascular endothelial growth fac-
tor (VGEF) loci may be responsible for the disease [21, 23, 40]. Whole gene 
sequencing of those suffering with and without CMS were studied in ten Andean 
individuals each. An SNP in the SENP1 gene may be responsible for the increased 
incidence in this population. This SNP induced a significant upregulation of 
SENP1 in CMS individual cells in the presence of hypoxia as compared to non 
CMS cells [21]. SENP1 mediated deSUMOylation regulates activation of GATA1. 
CMS cells produce higher levels of VGEF, Bcl-xL and more than tenfold deSU-
MOylated GATA1 and GATA 1 inducible genes S1c4a1 and Alas 2 in the presence 
of hypoxia which promote erythrocytosis, as compared to SUMOylated GATA1 
and its repressive genes cMyc and cKit in non-CMS cells. Therefore, the SNP in 
Andeans probably is pro-erythrocytic rather than protective as in Tibetans and 
Ethiopians [21–23].

�Clinical Features

CMS is usually preceded by a subacute illness, which may not necessarily follow 
acute mountain sickness. The consensus statement on high altitude diseases recog-
nises the development of right sided cardiac changes that occur with prolonged 
hypoxia as a separate entity called as high-altitude pulmonary hypertension (HAPH). 
Historical terms include CMS of the vascular type, high altitude heart disease, 
hypoxic cor-pulmonale, infant subacute mountain sickness, paediatric high altitude 
heart disease and adult subacute mountain sickness. Clinical symptoms include dys-
pnoea, cough, cyanosis, sleep disturbance, irritability and other signs of right heart 
failure [1].

The earliest symptoms include a decline in the routine work capacity. Minor ill-
nesses are poorly tolerated and recovery is prolonged. Symptoms are exaggerated in 
pregnancy and miscarriages are frequent. The incidence of infertility is higher.
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The symptoms may develop slowly and include fatigue, cyanosis after increased 
exertion, mental lethargy, confusion, dizziness, headaches, congestion of the 
mucous membranes especially the conjunctiva, poor appetite, weight loss and 
decreased sleep which may be alleviated by decreased exertion and rest. However, 
the non-reversibility of these symptoms heralds the onset of CMS.

The clinical features of CMS include those mentioned for the subacute disease, 
only these are accentuated with minimal exertion, even on routine work. Cyanosis 
is usually permanent and clubbing is evident. Dilated peripheral veins, paraesthe-
sias, nausea, vomiting, vertigo, alterations of memory, tachypnoea and dyspnoea are 
usually present. Moderate haemoptysis and epistaxis are common [2]. Other mani-
festations associated with CMS include restless leg syndrome (both share oxygen 
alteration as a trait) [41] and orthopaedic complaints like muscle and joint pain (due 
to hyperuricemia), burning of hand and feet [42]. Features and symptoms of pulmo-
nary hypertension or heart failure are not mandatory for diagnosis of CMS [1].

�HAPH

The clinical symptoms are those of right heart failure and include dyspnoea, cough, 
cyanosis, sleep disturbances and irritability.

Exclusion criteria include:

•	 Other causes of pulmonary hypertension including persistent pulmonary hyper-
tension of the newborn

•	 Chronic pulmonary diseases resulting in cor pulmonale
•	 Other cardiovascular diseases complicated with pulmonary hypertension [1].

�Diagnosis

Clinical features with polycythemia (Hb ≥ 21 g/dl in males or ≥ 19 g/ dl in females) 
and a high degree of suspicion remain the cornerstone of diagnosis. Exclusion cri-
teria include:

•	 Chronic pulmonary diseases
•	 Chronic medical conditions predisposing to hypoxia
•	 Abnormal pulmonary function tests
•	 Persons living below an altitude of 2500 m

The Qinghai CMS score provides the basis of diagnosis and severity of the disease. 
It includes signs, symptoms and Hb levels at the altitude of residence. It includes 8 
parameters with a score ranging from 0–3, giving a minimum score of 0 and a maxi-
mum of 24. A score of 0-5 denotes the absence of disease, whereas 6–10 is catego-
rised as mild, 11–14 as moderate and > 15 as severe [1]. The parameters include:
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A. Breathlessness
 �� a. No breathlessness/palpitations 0
 �� b. Mild breathlessness/palpitations 1
 �� c. �Moderate breathlessness/palpitations 2
 �� d. Severe breathlessness/palpitations 3
B. Sleep disturbance
 �� a. Slept as well as usual 0
 �� b. Did not sleep as well as usual 1
 �� c. �Woke many times, poor night’s sleep 2
 �� d. Could not sleep at all 3
C. Cyanosis
 �� a. No cyanosis 0
 �� b. Mild cyanosis 1
 �� c. Moderate cyanosis 2
 �� d. Severe cyanosis 3
D. Dilatation of veins
 �� a. No dilatation of veins 0
 �� b. Mild dilatation of veins 1
 �� c. Moderate dilatation of veins 2
 �� d. Severe dilatation of veins 3
E. Paraesthesia
 �� a. No paraesthesia 0
 �� b. Mild paraesthesia 1
 �� c. Moderate paraesthesia 2
 �� d. Severe paraesthesia 3
F. Headache
 �� a. No headache 0
 �� b. Mild headache symptoms 1
 �� c. Moderate headache 2
 �� d. Severe headache, incapacitating 3
G. Tinnitus
 �� a. No tinnitus 0
 �� b. Mild tinnitus 1
 �� c. Moderate tinnitus 2
 �� d. Severe tinnitus 3
H. Haemoglobin (Hb)
 �� a. Males: 18–21 g/dl 0
 ��      > 21 g/dl 3
 �� b. Females: 16-19 g/dl 0
 ��      > 19 g/dl 3
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�Recent Advances

Proteomic analysis has been utilised to identify differentially expressed proteins 
and three potential plasma biomarkers: Haemoglobin β chain (Hb-β), thioredexin-1 
(TRX1) and phosphoglycerate kinase 1 (PGK1) are increased in patients with CMS 
[43]. Certain mediators of inflammation IL-1 β, IL-2, IL-3, TNFα, MCP-1 and 
IL-16 promote development of polycythemia via oxidative stress and positive feed-
back in response to hypoxia [44]. Identification and modulation of these plasma 
biomarkers may prove beneficial in recognition, prevention and treatment of CMS.

�HAPH

The diagnosis may be difficult to differentiate from CMS without investigations. 
The investigations include: Xray Chest, ECG, 2D echocardiography and definitive 
by cardiac catheterisation and determination of pulmonary artery pressures.

The screening of HAPH is based on echocardiographic estimation of systolic 
pulmonary artery pressure of >50 mmHg (Mean > 30 mmHg). This is calculated by 
the peak velocity of the regurgitant tricuspid jet using Bernoulli’s equation and add-
ing estimated right atrial pressure. For confirmation of the diagnosis and exclusion 
of pulmonary hypertension due to heart diseases, invasive pulmonary artery pres-
sure measurement is advised [1].

Chest X ray: increased cardiac size, enlarged right atrium and ventricle and promi-
nent pulmonary arteries.

ECG is suggestive of a right axis deviation and evidence of marked right ventricle 
hypertrophy.

2D Echocardiography: Signs of right ventricular hypertrophy and/ or failure.
Cardiac catheterisation: Mean PAP >30 mmHg or a systolic PAP >50 mmHg mea-

sured at the altitude of residence.
Infants (up to 6 months): Mean PAP > 50 mmHg or a systolic PAP >65 mmHg.
Children 1–5 years: Mean PAP > 45 mmHg or a systolic PAP >58 mmHg
Children 6–14 years: Mean PAP > 28 mmHg or a systolic PAP >41 mmHg [1]

�Management

�Non Pharmacologic

The ideal treatment is return to low altitude, preferably sea level as the underlying 
cause is hypoxia.
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Phlebotomy with or without isovolemic haemodilution to reduce haematocrit has 
been practiced as a treatment since recognition of disease, with latter providing 
longer lasting benefit [45].

Physical exercise and breathing techniques may reduce blood erythropoietin [46].
Tibetan herbs such as Rhodiola may alleviate sleep symptoms [1].

�Pharmacologic

Symptomatic treatment can be provided by a high inspired fraction of oxygen, but 
is short lived.

Medroxyprogesterone (20–60  mg/day for 10  weeks) improved tidal volume, 
minute ventilation, lowered PaCO2, raised PaO2. SaO2 and decreased haematocrit. 
This could be the explanation for relatively low incidence of CMS in females due to 
natural progesterone.

Acetazolamide (250 mg/day for 3 weeks) causes acidosis which shifts the O2-Hb 
affinity curve to the right, releasing more O2 to the tissues resulting in increased 
ventilation, and a parallel drop in erythropoietin and haematocrit leading to elimina-
tion of symptoms.

Almitrine stimulates aortic and carotid chemoreceptors. Oral administration of 
3 mg/kg/day increased PaO2, pH and respiratory rate. A dose of 1 mg/kg/day for 
4 weeks reduced haematocrit most likely due to improved ventilation during sleep.

Patients suffering from HAPH may benefit from Nifedepin (25–30 mg/12 hrly), 
Nitric oxide (40 ppm for 15 min), Nitric oxide (15 ppm) with 50% oxygen, prosta-
glandins and phosphodiesterase inhibitors such as sildenafil. Newer modalities 
include endothelin receptor antagonists.

Areas of interest and future research include angiotensin converting enzyme 
inhibitors (ACE I) or angiotensin II receptor antagonists. They increase renal blood 
flow, inhibit sodium reabsorption in renal tubular cells with fall in oxygen consump-
tion leading to increased erythropoietin production and blockade of effect of angio-
tensin II on erythropoiesis.

Methylxanthines including theophylline and pentoxifylline reduce blood viscos-
ity and may improve blood flow and tissue oxygenation thus decreasing erythropoi-
esis. Although this effect has been seen in post transplanted kidneys, this remains 
unconfirmed in recent studies.

Blunting of ventilatory response to hypoxia may be due to increased levels of 
dopamine. Dopaminergic blockade (domperidone 40 mg, single dose) increased the 
slope of isocapnic ventilation as a function of SaO2 and can be explored as a treat-
ment of CMS [46].

Excessive erythrocytosis has been shown not to be suitable for acclimatization 
and a ‘suitably optimal’ Hb has been hypothesised at 15.8 g/dl for resting and 16.9 g/
dl for a young, iron sufficient Andean man, with VO2max of 55 ml/kg/min such that 
neither the oxygen carrying capacity is decreased nor the symptoms of CMS appear. 
However, this remains theoretical concept which may be explored further [7].
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Chapter 11
Management of High-Altitude Cerebral 
Edema and High-Altitude Pulmonary 
Edema

Gentle Sunder Shrestha, Sabin Bhandari, Rajesh Chandra Mishra, 
and Ahsina Jahan Lopa

�Case Presentation

A 25-year-old male with no prior co-morbidities, residing at 300 m above the sea 
level decided to go to Annapurna circuit for vacation. On the fifth day of his ascent 
to Thorong-la pass which is at 5416 m above the sea level, he started having gener-
alized headache associated with vertigo, nausea, and vomiting, progressively wors-
ening over the next 24 h when he was observed to have an unsteady gait by his 
friends. Within the next few hours, he was found to be drowsy and not responding 
to verbal commands. He was then heli-rescued within the next few hours to our 
hospital at Kathmandu. On arrival to our hospital, he was found to have a pulse of 
96/min, blood pressure of 142/72 mm Hg, respiratory rate of 32/min and SpO2 77% 
in ambient air. Neurologically he was found to be disoriented with non-coherent 
talks and had bilateral positive Babinski sign. Chest examination revealed bilateral 
basal crepitations. Other systemic examination was normal. Fundus examination 
revealed papilledema.
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Q1: What are your differentials from the history and findings of physical 
examination?

A:

	 1.	 Acute Mountain Sickness/High altitude cerebral edema/High altitude pul-
monary edema

	 2.	 Right sided stroke
	 3.	 Sub-arachnoid hemorrhage
	 4.	 Central nervous system infections
	 5.	 Hypothermia
	 6.	 Seizures
	 7.	 Transient Ischemic attack
	 8.	 Brain tumor
	 9.	 Myocardial infarction
	 10.	 Pulmonary embolism
	 11.	 Pneumonia with MODS
	 12.	 Hyperventilation syndrome

Q2: What further tests would you like to do?
A: Lab investigations - helpful

	 1.	 Random blood sugar level

•	 Hypoglycemia and exhaustion may be the cause of low GCS

	 2.	 ABG

•	 With increasing altitude, there is a decrease in atmospheric pressure, 
resulting in a lower PAO2 and, consequently, a lower PaO2, as explained by 
the alveolar gas equation

–– PAO2 = FiO2 (Patm – PH20) – (PaCO2/R)

•	 Thus, a low PaO2 is expected at such a high altitude of Thorong La Pass, 
as is low SpO2. However, A-a gradient will help us distinguish if pulmo-
nary edema is present.

•	 Low PaO2 and normal A-a gradient implies hypoxia due to high altitude, 
whereas, Low PaO2 and elevated A-a gradient implies pulmonary edema

•	 Mild respiratory alkalosis may be present due to hyperventilation second-
ary to hypoxia

	 3.	 CBC

•	 Haemoglobin concentrations may be high due to a fall in the plasma vol-
ume as a result of dehydration

•	 White blood cell count may be elevated in the setting of HACE

	 4.	 RFT

•	 To rule out kidneys as a cause of dys-electrolytemias or altered sensorium
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	 5.	 LFT

•	 To rule out liver as a cause of altered sensorium

	 6.	 ECG and bedside ECHO

•	 To rule out myocardial infarction, left ventricular dysfunction and assess-
ment of volume status

	 7.	 Chest X-ray

•	 To rule out pulmonary edema and possible pneumonia

	 8.	 Non contrast CT head

•	 To rule out other causes of fall in GCS

Investigations – less helpful (but may be needed if first line of investigations are 
not helpful in establishing the diagnosis or the patient does not respond to the initial 
treatment)

	1.	 Lumbar puncture

•	 To rule out CNS infections

	2.	 EEG

•	 To rule out seizure as a cause of altered sensorium and possible toad’s  
palsy

	3.	 CT angiography with venogram

•	 If there is suspicion of Cerebral venous sinus thrombosis as a cause of altered 
sensorium

	4.	 MRI brain

•	 To rule out other pathologies as a cause of altered sensorium

His hematological and biochemical parameters were within normal limits (hemo-
globin 14  g/dL, total leucocyte count 10,500/μL, differential leucocytes poly-
morphs 65%, lymphocytes 32%, blood sugar random 100 mg/dL, urea/creatinine 
28/1.0  mg/dL, total/direct bilirubin  – 1/0.2  mg/dl, SGOT/SGPT-34/42  mg/dl, 
protein/albumin- 6.3/4.6 gm/dl, cultures negative). ECG showed normal sinus rate 
and rhythm without ST changes. Chest radiograph revealed fluffy perihilar opaci-
ties in bilateral lung fields suggestive of pulmonary edema (Fig. 11.1). Optic nerve 
sheath diameter (ONSD) was 6 mm in the right eye and 6.2 mm in the left eye. 
Non-contrast CT scan (NCCT) of the brain showed diffuse cerebral edema involv-
ing white matter of bilateral cerebral hemispheres with accentuation of grey–white 
matter differentiation, mass effect in the form of the effacement of the overlying 
sulci and compression of the lateral ventricles and third ventricle (Fig. 11.2). EEG 
was normal.
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Fig. 11.1  Chest 
radiograph revealing fluffy 
perihilar opacities in 
bilateral lung fields 
suggestive of pulmonary 
edema

Q3: What is your provisional diagnosis?
A: High altitude cerebral edema with high altitude pulmonary edema.
Q4: How did you come to this conclusion?
A: Unacclimatized individuals are at risk of high-altitude illness when they ascend 

rapidly to altitudes above 2500 m [1]. HACE has been reported at around 2500 m 
in patients with concurrent HAPE [2]. The patient is young, without prior co-
morbidities, who had been residing at an altitude of 300  m and has rapidly 
ascended to an altitude of 5416 m in five days. He has presented initially with 
clinical features of acute mountain sickness viz., headache, nausea and vomiting 
which has progressed to signs of HACE viz., ataxia and progressive decline of 
mental function and consciousness. This transition takes time ranging from 12 h 
to three days, however HACE develops faster in patients with HAPE, most likely 
as a result of severe hypoxemia as seen in this case [3]. The presence of papill-
edema in the eyes and positive Babinski sign has been reported in HACE [4]. 
Similarly the findings of non-contrast CT head has further supported the diagno-
sis. The findings of hypoxia and chest x-ray points out towards acute pulmonary 
edema. There are negative findings of hematological and biochemical parameters 
along with negative ECG and EEG findings to suggest alternative diagnosis. 
Thus, the history, clinical and investigations points towards the diagnosis of 
HACE and HAPE.
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Fig. 11.2  Non-contrast CT scan (NCCT) of the brain showed diffuse cerebral edema involving 
white matter of bilateral cerebral hemispheres with accentuation of grey–white matter differentia-
tion, mass effect in the form of the effacement of the overlying sulci and compression of the lateral 
ventricles and third ventricle

Q5: Do you know of any scoring systems to identify Acute Mountain Sickness/ 
HACE/ HAPE?

A: Lake Louise AMS Score has been the most widely used scoring system for 
research (Table 11.1). Other tools to diagnose AMS includes Acute Mountain 
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Table 11.1  The Lake Louise Acute Mountain Sickness Scoring System [2] [8]

Symptoms Severity Points

Headache None at all 0
Mild headache 1
Moderate headache 2
Severe headache, incapacitating 3

Gastrointestinal symptoms Good appetite 0
Poor appetite or nausea 1
Moderate nausea or vomiting 2
Severe nausea and vomiting, incapacitating 3

Fatigue and/or weakness Not tired or weak 0
Mild fatigue/weakness 1
Moderate fatigue/weakness 2
Severe fatigue/weakness, incapacitating 3

Dizziness/light-headedness No dizziness/light-headedness 0
Mild dizziness/light-headedness 1
Moderate dizziness/light-headedness 2
Severe dizziness/light-headedness, 
incapacitating

3

Difficulty sleeping Slept as well as usual 0
Did not sleep as well as usual 1
Woke many times, poor sleep 2
Could not sleep at all 3

A total score of 3 to 5 indicates mild AMS
A score of 6 or more signifies severe AMS

Sickness-Cerebral Score, Visual Analog Scale for the Overall Feeling of 
Mountain Sickness and Clinical Functional Score (CFS).

Q6: How will you manage the case of HACE and HAPE?
A:

	 1.	 Descent: Immediate descent at the first suspicion of HACE, while the patient 
is still ambulatory, is the gold standard treatment in those who develop 
HACE. A descent of approximately 1000 m is usually lifesaving [5]. Other 
treatment options should not delay descent, rather, it should be reserved for 
situations where descent is not possible or may be delayed [6].

	 2.	 Supplemental oxygen: Oxygen delivered by face mask or preferably non-
rebreathing mask to maintain peripheral capillary oxygen saturation 
(SpO2) > 90% is recommended [1]. It should however be noted that at high 
altitude PAO2 is low and consequently PaO2 and SpO2 shows lower values 
that may be normal for that patient at that altitude.

	 3.	 Hyperbaric therapy: Portable hyperbaric chambers (such as the Gamow 
bag) should be used for patients with severe AMS or HACE when descent is 
delayed or not possible and supplemental oxygen is not available [1]. 
However, symptoms may recur when individuals are removed from the 
chamber, thus, use of a portable hyperbaric chamber should not delay descent 
in situations where descent is required such as in the case of HACE and HAPE.
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	 4.	 Dexamethasone: Though studies are lacking supporting the use of dexameth-
asone for HACE, its use has been recommended based upon extensive clinical 
experience. The recommended initial dose is 8 to 10 mg orally, intramuscu-
larly, or intravenously (IV), followed by 4 mg every six hours until symptoms 
resolve. The pediatric dose is 0.15 mg/kg/dose every 6 h [1]. The mechanism 
by which dexamethasone works is unclear, however, reduction in vascular per-
meability, inflammatory pathway inhibition, antioxidant balance, aquaporin-4 
channel (AQP4) modulation and sympathetic blockade have all been proposed 
to help in the prevention and treatment of high-altitude cerebral edema [7].

�Evidence Contour

	1.	 Acetazolamide: Acetazolamide has been shown to accelerate acclimatization to 
high altitude. Similarly multiple trials have established a role for acetazolamide in 
prevention of AMS [8–11]. However few studies have rigorously assessed the 
effectiveness of acetazolamide in the treatment (rather than prophylaxis) of AMS. A 
small study used acetazolamide for AMS and found it to be effective [12], however, 
the diuretic effect of acetazolamide might provoke hypotension in the intravascu-
larly depleted patient, and the added stimulus to ventilation might worsen dyspnea. 
Hence, it is not recommended for the treatment for HACE and HAPE [1].

	2.	 Diuretics: Many patients with AMS and HAPE have intravascular volume 
depletion and the use of diuretics in such patients may worsen the volume status 
further, hence diuretics should not be used for the treatment of HAPE [1].

	3.	 Nonsteroidal anti-inflammatory drugs and acetaminophen: Acetaminophen, 
and ibuprofen has been found to relieve headache at high altitude but it is unclear 
whether they are useful as prophylaxis or treatment of AMS, HACE and HAPE 
[13, 14]. These drugs can be used to treat headache at high altitude but are not 
recommended for the prevention and treatment of HACE and HAPE [1].

	4.	 Nifedipine: Extensive clinical experience and one randomized study has shown 
that Nifedipine in a dose of 30 mg of the extended-release preparation adminis-
tered every 12  h is effective in preventing HAPE in susceptible people [15]. 
Similarly, though a single, nonrandomized, unblinded study found nifedipine 
useful for HAPE treatment when oxygen or descent was not available, another 
observational study of individuals with HAPE reported that nifedipine offered 
no advantage when used as an adjunct to oxygen and descent [16, 17]. Thus, 
nifedipine can be used for HAPE prevention in HAPE-susceptible people and as 
an adjunct to treatment when descent is impossible or delayed and reliable access 
to supplemental oxygen or portable hyperbaric therapy is unavailable [1].

	5.	 Phosphodiesterase inhibitors: Tadalafil and sildenafil are phosphodiesterase-5 
(PDE-5) inhibitors that augment the pulmonary vasodilatory effects of nitric 
oxide and thus cause pulmonary vasodilation and decrease pulmonary artery 
pressure. Though there is a strong physiologic rationale for using phosphodies-
terase inhibitors in HAPE, supported by evidences for its use as prophylaxis for 
HAPE, however, no systematic study has examined the role of tadalafil or 
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sildenafil in HAPE treatment as either mono- or adjunctive therapy [18, 19]. 
Tadalafil and sildenafil can be used for HAPE prevention in known susceptible 
individuals who are not candidates for nifedipine as well as for the treatment of 
HAPE when descent is impossible or delayed, access to supplemental oxygen or 
portable hyperbaric therapy is impossible, and nifedipine is unavailable [1].

	6.	 Ginkgo biloba: Ginkgo biloba is an herbal extract preparation with variable 
compositions. Though some small studies have suggested the effectiveness of 
ginkgo biloba at reducing the symptoms of AMS in adults, larger trials have 
failed to demonstrate the benefit [20–22]. Ginkgo biloba has not been recom-
mended for AMS prevention and treatment [1].

	7.	 Beta agonist: Barring few case reports of beta-agonist use in HAPE treatment 
[23], no data exists to support the use of beta agonists for HAPE, hence there is 
no recommendation in its use [1].

Q7: What ventilatory strategy would you consider in such patients?
A: Role of Continuous positive airway pressure

CPAP increases transmural pressure across alveolar walls which increases 
alveolar volume and thus leads to an improvement in ventilation-perfusion 
matching and gas exchange [1]. However, there are no controlled studies to show 
improvement in patient outcomes with the use of CPAP or EPAP compared to 
oxygen alone or in conjunction with medications in patients who have developed 
AMS or HAPE. Few reports have shown that CPAP can be used as an adjunct for 
treating HAPE [24, 25], and since the risks associated with the therapy is low, 
CPAP or EPAP can be considered an adjunct to oxygen administration, provided 
the patient has normal mental status and can tolerate the mask [1].

Since this patient has hypoxemia (SpO2–77%) at our center, which is at a level 
higher than sea level, but not high enough to level SpO2 of 77% as normal, a trial 
of CPAP can be given if his saturation cannot be maintained with nasal cannula/
face mask/venturi mask. However, his GCS has to be monitored continuously 
and ABG repeated to monitor improvement in hypoxia. Once the hypoxemia 
improves and the patient becomes fully conscious, he can be taken off CPAP and 
kept in nasal cannula/face mask/venturi mask. However, if his GCS falls further 
or he cannot tolerate the mask, CPAP should be discontinued and consideration 
should be given for endotracheal intubation and mechanical ventilation.

�Role of Mechanical Ventilation

The management of patients with HACE who require mechanical ventilation can be 
challenging. Though intubation and short-term hyperventilation is a possible thera-
peutic option in patients with cerebral edema who have clinically significant ICP 
elevation, these patients are likely to have a respiratory alkalosis, and overventila-
tion could cause cerebral ischemia. Oxygen alone markedly decreases cerebral 
blood flow and ICP at high altitude, thus providing high FiO2 might be detrimental. 
The optimal PEEP and tidal volume are another controversial aspect in the 
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ventilatory management of such patients. In a recent survey by ESICM, most clini-
cians utilize a tidal volume of 6–8 ml/kg and low PEEP than suggested by ARDS 
Net in patients with severe traumatic brain injury [26].

Since there are no systematic studies regarding ventilatory settings in patients 
with HACE and HAPE, evidences and recommendations are lacking. A general 
approach would be to utilize lung protective ventilation with a target PaO2 
80–120 mm Hg, target PaCO2 35–45 mm Hg, use the low PEEP/FiO2 table of ARDS 
Net protocol and titrate the settings according to the response of the patient [27].

This patient had rapidly descended via heli-rescue and brought to our center. He 
was given oxygen via face-mask initially which improved his SpO2 improved to 
86%, however, his SpO2 was not maintained in the target range, hence CPAP of 
10 cm H2O was started which improved his SpO2 to 94%. He was started on Inj 
Dexamethasone 4 mg iv every six hourly, tab nifedipine 30 mg ever 12 hourly and 
Inj paracetamol 1 gm iv every 6 hourly. His cognitive functions started improving 
within 6 h. On second day of admission, CPAP was stopped and he was put on face-
mask. However, his ataxia improved slowly, and by the fourth day of hospitaliza-
tion, his chest was clear and his gait was normal. Repeat chest radiograph on the 
fourth day of admission showed complete resolution of the opacities. A repeat 
NCCT-head performed on the fourth day also showed that the white matter edema 
had subsided with decreased mass effect and the grey–white matter differentiation 
was seen to be normal. He was discharged on the tenth day.

The following definitions on the diagnosis of altitude illness were adopted at the 
1991 International Hypoxia Symposium, held at Lake Louise in Alberta, Canada [28].

Acute Mountain sickness (AMS) In the setting of a recent gain in altitude, the presence of 
headache and at least one of the following symptoms:
1. Gastrointestinal
2. Fatigue or weakness
3. Dizziness or lightheadedness
4. Difficulty sleeping

HIGH ALTITUDE CEREBRAL 
EDEMA (HACE)

Can be considered “end stage” or severe AMS.
In the setting of a recent gain in altitude, either:
1. �The presence of a change in mental status and/or ataxia in 

a person with AMS
2. �Or, the presence of both mental status changes and ataxia 

in a person without AMS
HIGH ALTITUDE 
PULMONARY EDEMA 
(HAPE)

In the setting of a recent gain in altitude, the presence of the 
following:
Symptoms: At least two of:
1. Dyspnea at rest
2. Cough
3. Weakness or decreased exercise performance
4. Chest tightness or congestion
Signs: At least two of:
1. Crackles or wheezing in at least one lung field
2. Central cyanosis
3. Tachypnea
4. Tachycardia
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Chapter 12
Excessive Erythrocytosis and Chronic 
Mountain Sickness

Andrés Velázquez García, Vanessa Fonseca Ferrer, Gerald Marín García, 
and Gloria M. Rodriguez-Vega

Living at high altitudes requires a physiological adaptation process to be able to 
adjust to the hypoxic environment above 2500 m. Erythropoiesis is a well-known 
response to hypoxic states, where this stimulus elicits a chain of events leading to 
the eventual increase in erythrocytes count improving oxygen delivery. When eryth-
ropoiesis produces an exaggerated response to hypoxia the result may be pathologi-
cal. This combination, excessive erythrocytosis (EE) & hypoxemia are the major 
features of a syndrome known as “Chronic Mountain Sickness” (CMS) [1]. 
Excessive erythropoiesis and CMS represent a progressive incapacitating syndrome 
with high prevalence in highlanders living above 2500. This chapter aims to present 
a clinical scenario of this syndrome, define and discuss the epidemiology, risk fac-
tors, diagnosis, effects on other systems and current evidenced-based therapeutic 
approaches.

�The Case

A 55-year-old dwell miner presents to the local Emergency Department (ED) with 
a chief complain of progressive shortness of breath, headache, difficulty concentrat-
ing and having difficulty sleeping. Upon questioning he also reports intermittent 
palpitations and recent decreased tolerance to exercise. He has lived in the Andeans 
Zone for the past 25 years. He denies recent travel, upper respiratory infections, 
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abdominal pain, nausea, vomits, chest pain, visual changes, or cough. Patient has 
been previously healthy and does not have pertinent past medical history. He does 
reports that his late father, who also worked as a miner and lived at La Rinconada, 
suffered from some chronic sickness that had to do something with oxygenation and 
blood concentration. Patient reports that symptoms have been worsening for the 
past month or so, and he first notice them about 2 months ago. Despite 8 h of sleep 
daily he complains of daily somnolence and persistent headache. He used to run a 
mile every morning but for the past year and a half he has reduce his workout due to 
intolerance. Denies alcohol, tobacco, or any other toxic habit. Physical exam perti-
nent for digital clubbing, peripheral cyanosis, tenderness to palpation of the joints 
mild to moderate tachypnea. Vitals as follows: BP 174/92 mmHg – HR 92 – RR 
22 – Sat 87%. Labs pertinent for:

Hgb: 22 g/dL.
Hct: 67%.
Creatinine: 1.4; K: 4.0; Na 138; Cl 102; HCO3 24; BUN 20; GLU 225.
ABGS: 7.4/36/55/23.2/0/87%/RA.
ECG: LVH changes, no conduction delays, no acute ischemic changes. P-pulmonale 

also present.
CXRAY: Unremarkable, No signs of congestion, no effusion, no pneumothorax, no 

consolidations. Right heart border seems dilated. (Discuss basic laboratory work 
up CBC w diff, CMP, ABGs ECG and chest imaging maybe and ECHO.)

�What Is the Next Step in Diagnosis?

�Definition

It is well known that the partial pressure of oxygen in inspired air decreases as ele-
vation above sea level increases. Residents of high altitudes (highlanders) develop 
numerous physiologic responses to adjust to the hypobaric environment. Within the 
many responses, there is a particular increase in hemoglobin (Hb) concentration and 
pulmonary artery pressure [1] . It has been observed that in severely hypoxic resi-
dents a large increase in Hb concentration may be associated with fatal illness. This 
large increment in Hb has been coined as excessive erythrocytosis. In conjunction 
with severe hypoxemia, are the hallmark of chronic mountain sickness (CMS).

Excessive erythrocytosis is defined as two standard deviations above mean Hb 
concentration value of the highlander population at the altitude of residence [2, 3] . 
Based on epidemiological studies in the different highlander population studies in 
South America (Andean), Asia (Tibetan & Sherpa), and East Africa (Ethiopian), the 
cut-off values for EE are Hb >19 g/dL for women and Hb >21 g/dL for men [1, 2, 
4, 5]. According to current international consensus statement CMS & EE are define 
as a clinical syndrome that occurs to native or long-life resident above 2500 meters. 
It is characterized by EE (females Hb 19  g/dL; males Hb >21  g/dL), severe 
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hypoxemia and in some cases moderate to severe pulmonary hypertension, which 
may evolve to COR pulmonale and congestive heart failure [1]. For it to be defined 
as primary CMS there should not be a previous diagnosis of chronic pulmonary 
disease (COPD, asthma, emphysema, chronic bronchitis, bronchiectasis, cystic 
fibrosis, lung cancer, etc.) or other chronic medical conditions that worsen the 
hypoxemia. If any off the previous conditions is present, diagnosis of Secondary 
CMS should be made [1].

This definition is not without its controversies. Recent studies conducted in 
dwellers from La Rinconada, the highest city on the world (5100–5300 m) [4], sug-
gest that these international cutoff values should be reconsider based on their obser-
vation of lower prevalence of EE according to their calculations in based of the 
population under study.

The diagnosis is made by the combination of the presence of EE and a minimum 
score based on the following symptoms: breathlessness, palpitations, sleep distur-
bances, cyanosis, dilation of veins, paresthesia, headache, and tinnitus [1, 2, 4] . 
CMS severity is determined by the Qinghai Scored, that is based on Hb concentra-
tion and on the presence and extent by the previously mentioned agreed by the 
international consensus. A numeric value is given to each of the mentioned symp-
toms accordingly to its presence and the extent of them. CMS final severity is deter-
mined by the sum of the assigned values, and then classified as follow: 0–5 Absent, 
Mild 6–10, Moderate 11–14, and Severe >15 [1, 4].

�Epidemiology

The prevalence of EE and CMS worldwide has shown to be variable among studied 
regions and population of highlanders. Approximately 140 million individuals 
reside at high altitude (>2500 m) worldwide, the largest populations being found in 
South America (Andean), central Asia (Tibetan and Sherpa), and East Africa [4, 5]. 
The variability difference could be related to many factors. These include time resid-
ing at high altitude, recent migration, age, sex, body habitus, etc. This variability 
may represent different level of adaptation to high altitude living conditions, mean-
ing that not only hypoxia and EE are involved in the development of the disease.

The lowest prevalence is found in Tibetans from Qinghai, China with a CMS of 
around 1.2%; whereas in Han immigrants, it was approximately 5.6% in the same 
city. (Wu et al., 1998). The prevalence values of CMS in the three mainly evaluated 
locations in the Andes are: Puno in Perú 6%; in La Paz, Bolivia 5.2%; Cerro de 
Pasco, Perú 15.4% in men between 30–39 years, and 33% by the 60 years of age [2, 
6–8]. Altitude has also been related to changes in prevalence, since an increment in 
altitude has been associated with increased percentage of prevalence among high-
landers. In the Tibetan plateau (2261–2980 m) CMS was found in 1.05% of the 
population; at 3128–3980 m, in 3.75%; and at 400–5226 m, in 11.73%. A study in 
India between 2350 and 3000 m no cases were reported; but, between 3000–4150 m, 
the prevalence of CMS&EE was 13.3% [2].
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�Physiology and Pathophysiology of EE & CMS

Under hypoxic conditions specialized stem cells in the kidney increase the produc-
tion and secretion of erythropoietin (EPO), the main physiological regulator of 
erythrocyte production. Erythropoietin gene expression is a complex process, with 
many transcription factor interactions, mainly regulated by the transcription factor 
complex hypoxia-inducible factor (HIF-1). Is the expression of this TF complex in 
response to hypoxic conditions, in combination with others, that will be responsible 
for the increased EPO in the blood that will eventually result in a higher erythro-
cytes concentration in the blood stream. This ability of the body to adapt and respond 
to hypoxic conditions is one of the studied adaptations present in the highlander 
populations, as a mechanism to acclimatization to their low oxygen containing 
environment.

The exact pathogenesis of EE behind it still unclear [9]. However recent genetic 
and functional studies in highlanders have brought to light important information 
about the pathogenesis of EE & CMS [10] The transcription process elicited in 
response to hypoxia is mainly controlled by the downstream events in Hypoxia-
Inducible Factor (HEF-1) cascade. Under non-hypoxic conditions HIF-alpha under-
goes hydroxylation, ubiquitination, and eventual degradation. In contrast, with 
hypoxic conditions, HIF-alpha is readily available and promote the expression of at 
least one hundred genes associated with increased oxygen delivery to hypoxic tis-
sues. HIF is the one responsible for the increased expression of EPO that is seen in 
blood under low partial pressure of oxygen conditions [11]. The increased concen-
tration in blood EPO is believed to be the responsible for the eventual development 
of inadequate erythropoiesis that leads to developing the EE present in CMS.

Classically has been thought that higher blood availability of EPO was translated 
to a higher level of EPO-EPOR binding and this was the cause of an inadequate 
erythropoiesis and eventual EE. However, recent discovery of the existence of a 
soluble EPO-R (sEPOR), have changed the latter perspective. Andean Highlanders 
population studies showed that decreased blood concentration of S-EPOR and 
higher EPO/S-EPOR ratio, were associated with higher Hb concentrations and 
higher incidence of EE. These findings suggest that not only the amount of EPO in 
blood is responsible for the response to hypoxia and eventual development of 
EE [12].

The recent discovered single-nucleotide polymorphism (SNP) in the Sentrin-
specific Protease 1 (SENP1) gene, present in Andean highlanders and his differen-
tial expression in patients with and without CMS have made its gene product a study 
interest due to his potential role in the control of erythropoiesis. HIF-1 and GATA 
function is mainly regulated by the protease encoded by the SENP1 gene. These 
transcription factors are well known to be relevant in the mounted response to 
hypoxic conditions by increasing the expression of EPO and EPO receptors. SENP1, 
through the protease it encodes, might have an erythropoietic role in EE&CMS 
through the modulation of EPO and EPOR expression [10] It was observed, that in 
Andean Highlanders the increased expression of the SNP SENP1 was associated 
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with an exaggerated erythropoiesis and development of CMS [10, V13]. Different 
physiological patterns in the EPO-EPOR system and different degrees in erythro-
poietic response among Andean highlander was described by Villafuerte et  al., 
1015, findings that suggest various levels of adaptation to high-altitude hypoxia. 
Based in the previously discussed studies, the functional and phenotypic differences 
observed between healthy highlanders, those with CMS, and the ones observed in 
highlanders with CMS, suggest that the adaptative response to high-altitude hypoxia 
involves multiple physiological and genetic control mechanisms.

�Risk Factors and Comorbidities

Even though hypoxia is believed to be the main promoter of excessive editorial 
many other risk factors have been related with increased risk of developing EE and 
CMS. Studies have demonstrated a higher likelihood of developing CMS in those 
with family history of CMS or those with a reduce response to hypoxia stimulus [2]. 
Higher prevalence in men than women a postmenopausal woman has shown higher 
prevalence than premenopausal woman [2, 13]. Increase age and BMI has also been 
associated with higher rates of developing the disease [1, 2, 6]. A recent study 
showed that EE was associated with three times higher (>20%) estimated risk of 
developing a cardiovascular event in 10 years when compared with healthy Andean 
Highlanders [14]. Studies have shown association between diabetes mellitus, dys-
lipidemia, hypertension and insulin resistance and suffering from EE. Hypertension 
associated with excessive erythrocytosis was also recently reported in Andean high-
landers [14]. The exact mechanism behind the association between EE and the 
increased CVR, metabolic abnormalities and other comorbidities associated with 
higher cardiovascular risk remains unclear. Excessive Erythrocytosis leads to higher 
blood viscosity, hypervolemia, hyperviscosity syndrome, and an increased risk of 
thromboembolic events. Further studies regarding the exact mechanism of EE asso-
ciation with the previously described cardiovascular and metabolic derangements is 
needed, because it could lead to a better understanding of the process and how to 
prevent these effects.

Back to our Case  Now that you have made an accurate diagnosis, what is the next 
step in therapy?

�Treatment

Despite EE and CMS’s high and their incapacitating natural history that could lead 
to congestive heart failure, pulmonary hypertension and Cor Pulmonale, no long-
term pharmacological therapeutic regimen has been stablished [15]. Current thera-
peutic approaches used for EE and CMS are centered around a Hb goal, erythrocyte 

12  Excessive Erythrocytosis and Chronic Mountain Sickness



116

count reduction, increasing blood oxygenation levels, and symptomatic relief. 
Therapy can be divided into two groups: Nonpharmacological and 
pharmacological.

�Non-pharmacological Treatment

The most effective therapeutic approach reported is relocation to lower altitude. 
This is based on studies that showed progressive normalization in blood oxygen-
ation, erythrocyte count, and resolution of symptoms related to CMS once this 
occurred. Due to the negative social, economic, and psychological impact that it 
represents, relocation is not always a therapeutic option for highlanders [1, 2, 5, 15].

Phlebotomy has been the most used method utilized for therapy against high 
altitude polycythemia. Its function is to effectively decrease the Hb, and erythrocyte 
count by decreasing blood volume. Another method studied was phlebotomy with 
isovolumetric replenishment to avoid the loss of volume, and possible provide a 
dilution effect. Even though superiority of one over the other has not been stablished 
and appropriately studied, it has been observed a longer period of symptomatic 
improvement with the volume repletion approach [1, 2]. The drawback of phlebot-
omy is that it only provides a temporary improvement in symptoms with an eventual 
return of symptoms and the need of frequent phlebotomies for symptomatic control.

Oxygen supplementation has been associated with improvement in blood oxy-
gen saturation and decreased erythrocytosis, and better exercise tolerance reported 
by Andean’s highlanders [1, 5]. This therapy is limited cost of home oxygen therapy 
and the unpractical nature, as an unsustainable amount of oxygen would be needed 
in the highlander populations [2, 5].

�Pharmacological

One of the pharmacological agents studied as possible therapy were the ACE inhibi-
tors [16]. ACE inhibitors has been effective when giving to treat the secondary poly-
cythemia that follows renal transplantation, which is sustained by an increased in 
erythropoietin activity. Proposed mechanism for the ACE-I’s effect in erythropoie-
sis is by increased renal blood flow, decreased sodium re-absorption, and thus low-
ering oxygen supplementation. Also, have been proposed that it might have its 
effect by a direct interruption of the angiotensin II might have on erythroid precur-
sors [16]. Enalapril 5 mg/day therapy was given to thirteen highlanders living on 
Calixto of la Paz, Bolivia, and they were routinely monitored for treatment compli-
ance over a 2-year period. Baseline blood pressure, urine protein content, packed 
red cell volume, and hemoglobin levels were documented and compared with the 
follow up results to see any change over time. This was also done to 13 control 
patient who did not receive any therapy. After 2 years the observed outcome showed 
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reduction in Hb (2.4 g/dL at 1 year and 4.3 g/dL at 2 yeas), Hct (3.9% at 1 year and 
6.7% at 2  years) and proteinuria (74.1  mg/24  h at 1  year and 110.9  mg/24  h at 
2 years) [2, 16].

Very limited studies have used respiratory stimulants as medroxyprogesterone 
and as therapeutic agents for EE and CMS. These have shown decrease in Hct and 
improvement of blood oxygen saturation. However, there is no clinical evidence of 
their safety and efficacy, adverse effects and the lack of adequately controlled 
placebo-treated group. Therefore, they have not been implemented as treatment of 
EE and CMS [15].

The most promising therapeutic agent studied is acetazolamide (ACZ). Two ran-
domized, double-blind, placebo-controlled studies assessed the efficacy and safety 
of acetazolamide treatment in CMS patients from Cerro de Pasco [15]. They 
assigned, in a random-blinded fashion, a total of 28 male patients with CMS in to 
three different groups based on the therapy that was going to be provided: placebo, 
ACZ 250 mg/Day, and ACZ 500 mg/Day. They compared baseline Hct, serum EPO, 
serum transferrin and ferritin levels with those obtained after 3 weeks of therapy. 
Results showed, in the 2 ACZ treated groups (250 and 500 mg/Day), decreased in 
Hct by 7.1% and 6.7% serum EPO decreased by 67% and 50%, serum transferrin 
decreased by 11.4% and 3.4%, and increased serum ferritin by 540% and 134% 
respectively. Treatment also increased mean nocturnal saturation by 4.3% and 5.1% 
and decreased mean nocturnal heart rate by 11% and 4% for ACZ 250 and 500 mg 
[15]. The effect of ACZ in decreasing EPO serum concentration was mainly attrib-
uted to the improvement in ventilation and SpO2 induced by its use. The induced 
metabolic acidosis induced by ACZ causes an increase in respiratory rate and 
decrease hypoventilation episodes which translate to the observed improvement in 
ventilation and saturation. ACZ therapy seems safe and efficient, but additional trials 
should analyze the possible long-term adverse effects caused by its chronic use [2].
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Chapter 13
High-Altitude Cerebral Edema

Sabrina Da Re Gutierrez, Jorge Sinclair Avila,  
Jorge Enrique Sinclair De Frías, and Jorge Hidalgo

�The Case

A 33-year-old male with no medical history, resident in a coastal country, arrives by 
plane to the city of La Paz at 3600 m.a.s.l. for tourism. Thirty-six hours after his 
arrival, he presented mild headache, which later evolved into oppressive-type holo-
cranial headache of moderate intensity, nausea, and drowsiness. The patient is 
inmediatly transferred from the Hotel to the Hospital. It was done to him arterial 
blood gas, that reports pH:7.32, PaCO2: 40 mmHg, PaO2: 50 mmHg, HCO3: 24 
mMol/L, BE: +2, SatO2: 85%, and a simple brain CT scan is performed, showing 
effacement of sulci.

Treatment was started with supplemental oxygen at 4 L/min., head position at 
30°, dexamethasone, antiemetic (ondansetron), acetazolamide, paracetamol-based 
analgesia and parenteral hydration. The evolution in the following 48 h was favor-
able, returning to the country of origin.
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Although most people who increase to high altitude suffer a physiological 
response without major compromise of the general state, in the present case the 
patient suffered an infrequent complication such as high-altitude cerebral edema 
between 0.5 to 1.8% of cases [1] -0.5 al 1% according to Zelmanovich et al [2]- This 
pathology can evolve to death if it is not treated in a timely manner. Although most 
authors point out that HACE occurs at altitudes above 4000  m.a.s.l. our patient 
developed HACE at a lower altitude, fortunately he did not develop ataxia or coma, 
conditions that have a worse prognosis and an early fatal outcome. It is important 
for people rising to high altitudes to recognize the symptoms of Acute Mountain 
Sickness (AMS) and High Altitude Cerebral Edema (HACE).

�Introduction

Acute mountain sickness known in Bolivia as altitude sickness or “Sorojchi” (from 
Quechua suruqchi o suruqch’i​​), it is the lack of adaptation of the organism to the 
decrease in barometric pressure when increasing altitude. “High altitude” is predi-
cated on territories that are above 2500 m.a.s.l. [3, 4]. Imray et al. they categorize 
altitude as high (1500 to 3500  m.a.s.l.), very high (3500 to 5500  m.a.s.l.) and 
extreme (above 5500 m.a.s.l.) [4].

Lafuente et al. explain the increased prevalence of HACE due to the increased 
displacement of people to and from high altitude regions, points out that around 140 
million people live at altitudes above 2500  m.a.s.l. [5]. Luks indicates that the 
human being inhabiting these territories, physiologically, experiences a decrease in 
barometric pressure that causes, in turn, a decrease in the partial pressure of O2 
between the alveoli and the pulmonary capillary, slowing down the rate of diffusion 
of O2 through the alveolar/capillary membrane [6].

Evidence indicates that, reciprocally, the human body adapts to hypobaric 
hypoxia:

	1.	 Increasing respiratory rate/tidal volume generating respiratory alkalosis and 
increasing sympathetic activity with increased resting heart rate/cardiac output/
blood pressure [3]

	2.	 Constricting the bed of the pulmonary artery.
	3.	 Increasing urinary sodium loss and increasing diuresis (Aksel et al. show that 

cardiac output decreases due to high-altitude diuresis, reducing the delivery of 
O2 to the tissues) [3].

	4.	 Increasing the concentration of hemoglobin (Luks specifies that this phenome-
non begins between 24 and 48 h after the application of hypobaric hypoxia [6].

	5.	 Greater aggregation of red cells [3].

Adaptation is not immediate, it takes time [3]. The rapid subjection of the human 
body to high altitude impedes adaptation and causes High Altitude Illness (HAI). 
Furthermore, Aksel et al. point out that adaptation depends on the altitude and the 
duration of exposure to it, taking from hours to weeks [3].
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Now, Aksel et al. point out that HAI is a group of syndromes, namely:

	1.	 Acute mountain sickness (AMS).
	2.	 High altitud cerebral edema (HACE).
	3.	 High altitude pulmonary edema (HAPE).

Likewise, they emphasize that the pathophysiology of the cause of HAI is par-
tially -well- known, but treatment plans are mostly based on low-quality evi-
dence [3].

�Pathogeny

�Acute Mountain Sickness (Ams)

Results of Aksel et al. indicate that the partial pressure of O2 is 90–100 mmHg at sea 
level, 65–80 mmHg at 1610 m.a.s.l., 45–70 mmHg at 2440 m.a.s.l., 42–53 mmHg 
at 3660 m.a.s.l. and less than 50 mmHg at 5300 m.a.s.l. [3].

Considering that low PaO2 and high PaCO2 can cause high cerebral blood flow 
with increased intracranial volume/pressure, Luks posits that blunted ventilatory 
response could be related to AMS, in this vein, he proposes the “tight fit” hypothesis 
(based on the Monro-Kellie doctrine) which states that people with a higher ratio of 
cerebrospinal fluid to blood/volume of brain tissue are better able to compensate for 
the cerebral edema or increased intracranial blood volume. Additionally, Luks 
points out that subjects with a smaller intracranial volume may have an increased 
risk of AMS [6].

In another hypothesis, Dekker et al. propose that the decrease in PaO2 activates 
compensatory physiological mechanisms to maintain the delivery of O2 to the 
tissues, the most important are: 1) increased respiratory/cardiac rate and 2) 
increased erythropoietin/erythrocyte production. Thus, they question the validity 
of the “tight fit” theory, emphasizing that it does not explain the cause of the 
edema [7].

Results of Dekker et al. also show that:

	1.	 A physiological predisposition to hypoxemia could contribute to edema.
	2.	 A hydrostatic effect due to the relative inability of the venous system (hypoxia-

dependent) to drain the increased cerebral blood flow can cause edema, which, 
in turn, can impair venous drainage and worsen venous/intracranial 
hypertension.

	3.	 The functioning of factors that alter vascular permeability (“hypoxia-inducible 
factor 1” and vascular endothelial growth factor) are the clearest cause of 
edema [7].

Dekker et al. propose that hypoxia-induced cerebral vasodilation, increased intra-
cranial pressure, and disruption of the blood-brain barrier cause molecular pro-
cesses, capillary leakage, microhemorrhages, and cerebral edema [7].
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�High Altitude Cerebral Edema (HACE)

HACE is an encephalopathy, probably occurs above 2500  m.a.s.l. The evidence 
indicates that it affects 0.5–1% of subjects with HACE and, above 4500 m.a.s.l., 5% 
of non-adapted subjects. In contrast, Luks points out that less than 1% of subjects 
above 3000  m.a.s.l. become ill, evidence shows that it is potentially fatal if not 
promptly diagnosed/treated [6].

Delving into the pathophysiology, one of the first neurological consequences of 
hypoxemia is dilation of the cerebral arteries and increased blood flow to the brain 
to maintain O2 supply [8]. Dilation of the middle cerebral artery occurs almost 
instantaneously during induction of hypoxemia and progressively dilates over 
4–6 h. In addition, generalized dilation of intracranial/extracranial arteries and dila-
tion of intracranial veins occurs [8].

The evidence explains that there is an inverse relationship between atmospheric 
pressure, PaO2 and altitude. When ascending, chemoreceptors in the carotid body 
detect the decrease in PaO2. Hypobaric hypoxia produces a neurohumoral and 
hemodynamic response that increases capillary pressure and causes cerebral 
edema [5].

In a similar sense, Britze et al. describe that peripheral and central chemorecep-
tors detects changes in O2 pressure, CO2 pressure, blood pH and temperature, trig-
gering compensatory autonomic responses [9]. In this way, hypoxemia:

	1.	 It causes increased ventilation, sympathetic activity, and blood pressure [9]. 
Britze et al. emphasize that short-term reductions in atmospheric pressure do not 
necessarily lead to reduced O2 saturation in the peripheral circulation and espe-
cially in brain tissue [9]. Lafuente et al. indicate that CO2 and O2 influence cere-
bral blood flow, hypoxia causes vasodilation and increases cerebral blood flow 
[5]. They relate that at 3048 m.a.s.l. the O2 saturation is at least 90%, but at 
6100 m.a.s.l. it decreases to less than 70% and at higher altitudes it decreases 
progressively.

	2.	 If the partial pressure of arterial oxygen (PaO2) falls below 8 kPa (60 mmHg), 
the peripheral chemosensors in the carotid/aortic bodies increase their rate of 
activation [9].

	3.	 The afferent fibers of the glossopharyngeal nerve of the carotid bodies and the 
vagal afferent fibers of the aortic bodies transmit this information to the nucleus 
of the solitary tract (NTS), from which they contact neurons that project to the 
paraventricular nucleus (PVN) of the hypothalamus [9].

The stimulation of these respiratory centers (ventral respiratory group -VRG- 
and dorsal respiratory group -DRG-) causes greater ventilation through the 
phrenic nerves/diaphragm [9]. Like Britze et al., Lafuente et al. explain that the 
decrease in O2 pressure perceived by peripheral chemoreceptors increases alveo-
lar ventilation more or less 1.65 times and total ventilation 5 times [9, 5]. 
Increased ventilation expels large amounts of CO2 causing hypocapnea and 
increased pH in body fluids [5].
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	4.	 Neurons of the PVN also project to the autonomic regulatory center of the 
medulla oblongata (rostral ventrolateral). Here, they connect with the neurons 
projected to the intermediolateral nucleus (IML) of the spinal cord and activate 
the efferent sympathetic nerves, causing an increase in heart rate [9].

On the role of intracranial hypertension and the “tight fit” hypothesis, Lafuente 
et al. point out that intracranial hypertension secondary to hypobaric hypoxia was 
reputed to be the main cause of HACE. Both the affected cerebral blood flow and 
the existence of central venous insufficiency would produce cerebral edema; this 
could be secondary to pulmonary hypertension caused by vasoconstriction of the 
pulmonary bed that would affect cerebral venous return. The “tight fit” hypothesis 
proposes that the existence of anatomical variations would obstruct venous return, 
worsening intracranial hypertension and consequently cerebral edema, explaining 
why some people would develop AMS or HACE and others would not [5]. Lafuente 
et al. add that these variations could be apparent only after hypoxia (stressor) acts 
and this would explain the susceptibility of some people to AMS or HACE. The 
decrease in available O2 increases capillary permeability causing passage of liquid 
that disables the sodium/potassium pumps. This causes neurons to swell due to loss 
of cell volume control mechanisms, causing massive infarction or death due to brain 
herniation. Additionally, they state that the increase in systemic arterial pressure and 
cerebral blood flow at high altitude were demonstrated in numerous studies. They 
point that this causes an increase in intracranial hydrostatic pressure as in hyperten-
sive encephalopathy, worsened by obstruction of the sinovenous egress flow [5].

Cerebral venous/arterial dilation increases blood volume (the compensatory phe-
nomenon is based on the absorption and/or translocation of cerebrospinal fluid -CSF-), 
decreasing intracranial distensibility, causing increased intracranial pressure [8].

In relation to the role of redox activation in the trigemino-vascular system (TVS), 
Lafuente et al. explain that the AMS and the HACE have classically been consid-
ered one the continuation of the other. The HACE as the final phase of the 
AMS. Instead, traditional theories state that AMS and HACE are secondary to vaso-
genic extracellular edema due to blood-brain barrier disruption and consequent 
intracranial hypertension. Thus, the proposed redox activation hypothesis aims to 
explain AMS based on oxidative damage. It suggests that mild vasogenic edema 
may be an adaptive physiological response to altitude hypoxemia, causing a succes-
sion of events secondary to oxidative stress, which would activate TVS [5].

A study focused on the molecular determinants of blood-brain barrier damage, 
showing that there was no damage to neuroglia components, but their authors did 
not detect changes in protein concentrations in cerebrospinal fluid, neurospecific 
enolase in serum or S100b (astrocytic protein considered a specific marker of the 
integrity of the blood-brain barrier) [5].

The presence of high-altitude cerebral edema may be an adaptive phenomenon with 
respect to hypoxia. Increased extracellular space may buffer excess neurotransmitters 
(e.g. glutamate and glycine), protecting neurons from N-methyl-D-aspartate receptor 
activation, and may also buffer extracellular K+ preventing brain depolarization [5].
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Cerebral white matter blood flow is low (even in normoxia), therefore, increased 
intracranial pressure compresses small white matter capillaries affecting O2 deliv-
ery, disrupting O2 dependent ion homeostasis and membrane potentials, resulting in 
intracellular edema in most individuals [8].

The increase in O2 free radicals could decrease the Na+/K + -ATPase function. 
This would explain the redistribution of fluid and astrocytic edema without the need 
for any volume increase. Consequently, this hypothesis indicates that AMS can be 
considered an “ionopathy” where free radicals cause ion channel malfunction, gen-
erating different clinical courses depending on their distribution and activity [5]. For 
Lafuente et al. hypoxic inactivation of the Na+/K+ pump in the blood-brain barrier 
would explain the expansion of extracellular fluid without any damage to the blood-
brain barrier. The water that enters the astrocytes would be the same that would be 
in the extracellular space during the extracellular edema present in hypoxia, in this 
way, the volume available for redistribution would not cause a significant cerebral 
edema, which could explain the symptoms of AMS [5]. Data have failed to demon-
strate that intracranial hypertension caused by High-Altitude brain edema underlies 
AMS symptoms. On the contrary, there is evidence that the redox activity of TVS 
causes the symptoms, that is, in hypoxia, the depletion of mitochondrial O2 gener-
ates hydroxyl radicals (OH). The radicals would depress hypoxic ventilatory control 
and cause neurovascular endothelial dysfunction. Hypoxia in AMS alters systemic 
free radical metabolism. Redox imbalance alters dynamic brain autoregulation 
independently of blood-brain barrier damage [5].

Astrocytic swelling activates p47 NADPH-dependent oxidase (phox) and causes 
“oxidative osmotic stress”. As a result, the increase in NO in the brain directly acti-
vates TVS and causes membrane destabilization by lipid peroxidation, local activa-
tion of hypoxia-inducible factor 1 alpha (HIF-1α) and Vascular Endothelial Growth 
Factor (VEGF), as well as the release of free radicals [5, 10]. Recent research shows 
the involvement of the lymphatic system of the brain in the formation of HACE, the 
increase in the expression of water channels aquaporin-4 (AQP-4) (main component 
of the lymphatic system) in astrocytes was associated with the development of 
HACE in animals exposed to hypobaric hypoxia [11].

Lafuente et al. state that the observations failed to detect an increase in the pep-
tide related to the calcitonin gene (“migraine molecule”) -this would indicate the 
absence of sustained TVS activation or acute delivery of calcitonin gene- related 
peptide in perivascular trigeminal nerve fibers. The latter could not be detected in 
cerebrospinal fluid since it does not cause dysfunction of the blood-brain barrier [5]. 
Paramagnetic electron resonance spectroscopy results obtained from an AMS 
patient showed increased OH radicals and production of lipid-derived free radicals 
in cerebrospinal fluid. In addition, prophylaxis with dietary antioxidants, vitamins, 
and the relationship between net brain production of free radical-mediated lipid 
peroxidants in hypoxia and symptoms of AMS favors the redox hypothesis [5]. The 
evidence allows us to conclude that HACE would be an extreme form of oxidative 
osmotic stress, with severe dysfunction of the blood-brain barrier, cerebral capillary 
failure “due to stress” and extravasation of erythrocytes, which would explain the 
microbleeding in the genu and splenium of the corpus callosum demonstrated by 
highly sensitive magnetic resonance imaging of sensitivity weighting in patients 
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with HACE. These microbleeds are not observable in AMS, supporting the theory 
that edema and blood-brain barrier disruption are minor. Hemosiderin deposits can-
not be removed across the blood-brain barrier, which is why they can be used to 
diagnose HACE even after years of recovery. Consequently, microbleeds could 
manifest a blood-brain barrier disorder during HACE but not in AMS [5].

�Clinic

The evidence indicate that headache is the most common symptom perceived by 
those who climb to high altitudes, it occurs in 25% of people who climb to 
2000–3000 m.a.s.l., in 80% of those who climb to altitudes above 3000 m.a.s.l., and 
in almost all people at altitudes above 4500 m.a.s.l. The headache begins 8–24 h 
after reaching 2500 m.a.s.l. [5]. On the other hand, the results of Dekker et al. point 
out that the headache begins between 48 and 72 hours after beginning the ascent [7].

It is hypothesized that cerebral edema and increased intracranial pressure cause 
headache by compressing brain structures and causing stretching and displacement 
of unmyelinated pain-sensitive fibers within the trigemino-vascular system. 
Connections of afferent nerve fibers from the trigeminal nerve to vegetative centers 
in the brainstem may also explain accompanying symptoms such as nausea and 
vomiting [12].

The Headache Classification Committee of the International Headache Society 
(IHS) III edition of the International Classification of Headaches describes that alti-
tude headache is frequently bilateral, worsens with exertion, is caused by ascent to 
altitude greater than 2500  m.a.s.l. and is resolved within 24  hours after the 
descent [13].

Said Committee points out the following criteria to identify altitude headache:

	A.	 Headache meeting criterion C.
	B.	 There has been an ascent to more than 2500 m.a.s.l.
	C.	 Causation is demonstrated by at least two of the following characteristics:

	 1.	 The onset of the headache is temporally related to the ascent.
	 2.	 Any of the following characteristics:

	 (a)	 The headache has significantly worsened simultaneously with the con-
tinued ascent.

	 (b)	 The headache has resolved within 24 hours after descent to an altitude 
below 2500 m.a.s.l.

	 3.	 The headache has at least two of the following three characteristics:

	 (a)	 Bilateral location.
	 (b)	 Mild or moderate intensity.
	 (c)	 Aggravated by exercise, movement, effort, coughing and/or trunk 

flexion.

	D.	 Not attributable to another ICHD-III diagnosis.

13  High-Altitude Cerebral Edema



126

Regarding its characteristics, Dekker et al. describe that in 30%–40% of cases this 
headache is dull and throbbing, develops during sleep and is perceived upon awak-
ening [7]. For their part, Lafuente et al. describe that when the headache is part of 
the AMS, it is characterized by mild to moderate intensity, oppressive type, frontal 
reference, frontoparietal, bilateral, or holocranial, whose intensity is increased by 
exercise and movement of the head [5].

Lafuente et al [5] and Dekker et al [7], differentiate HACE headache from AMS 
headache by the following indicators: (1) affects 0, 5%–1.0% of people, (2) altitude 
greater than 4500 m.a.s.l., (3) generally between 24–36 hours after ascent to high 
altitude (late compared to AMS), (4) frequently associated with high altitude pul-
monary edema [5, 7] commonly occurs with progressive ataxia, altered mental sta-
tus, slurred speech, confusion, decreased consciousness, hallucinations Carod [14] 
notes that 32% of climbers experience hallucinations above 7500 m.a.s.l.], stupor, 
coma [5, 15], (5) also associated with intracranial hypertension (ICH), papilledema, 
retinal hemorrhages [with a frequency of 50% according to Carod [14], brain hernia 
[5], paralysis of the sixth nerve Dekker et al. point out that it is usually the first 
dysfunction of the cranial nerves [7].

The results of Dekker et al. show that the neurological signs of established HACE 
are papilledema (52%), incontinence (48%), extensor plantar reflexes (34%), abnor-
mal tone/power (14%), and to a lesser extent, isolated visual field loss, paralysis of 
the sixth nerve, pupillary asymmetry and hearing loss [7]. The investigations of 
Joyce et  al. [10], Davis [16], and Song et  al. [15] report ataxia -for Joyce- in 
40%–60% of cases [10], anorexia, nausea, for Davis vomiting and convulsions are 
rare [16]. Dekker et al. emphasize that hypoglycemia, dehydration, exhaustion, and 
hypothermia can make diagnosis difficult [7]. Who survive HACE recover in 
3–14 days [17].

�Diagnosis

Kanan et al. point out that the brain responds to hypoxia with increased blood flow, 
increased biochemical mediators induced by hypoxia, and increased permeability of 
the blood-brain barrier, causing mechanical stress [18]. The diagnosis of HACE 
involves, in part, identificate these phenomena. Davis adds the need to identify the 
environment and the symptoms, in addition, he points out that laboratory and imag-
ing studies are useful -above all- to suppress alternative diagnoses. In this sense, the 
evidence shows that complete blood count electrolytes, glucose, ethanol level, car-
boxyhemoglobin and toxicological tests are useful to exclude other disorders. 
HACE can present with mild leukocytosis that requires clinical correlation to 
exclude an infectious process. When encephalitis or subarachnoid hemorrhage is 
suspected, lumbar puncture can be performed (provided there are no contraindica-
tions), taking into account that, in HACE, said puncture shows normal cell counts 
and high opening pressure [16].
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�Computed Tomography

Computed tomography of the brain exhibits white matter signal attenuation with 
flattening of gyri and effacement of sulci [16].

�Magnetic Resonance

Joyce et al. explain that reductions in venous flow preceded by increased cerebral 
blood flow due to hypoxia probably cause an increase in the volume of the brain 
parenchyma [10].

Magnetic resonance imaging evidence 32 hours after high-altitude ascent showed 
that healthy people and those with AMS had larger brain volume in gray matter, 
possibly explained by compensatory increase in cortical cerebral blood flow [5].

Through this study, both the relaxation time (T2) and the apparent diffusion coef-
ficient (ADC) allow us to distinguish between extracellular and intracellular edema. 
Low ADC (low diffusivity) corresponds to intracellular water and high ADC (high 
diffusivity) indicates extracellular water [5]. Lafuente et al teach that in people with 
AMS symptoms, hypoxia increased relaxation time (cerebral edema) but with a low 
ADC, indicating the existence of the intracellular component. They also show that, 
in the absence of brain inflammation, the decrease in ADC translates into “fluid 
redistribution” from the extracellular to the intracellular space rather than brain 
water gain. However, they observe that since the edema affects the corpus callosum, 
the symptoms of AMS would not be explained, but rather a disconnection syn-
drome [5].

In this same sense, Kanaan et al. state that reversible vasogenic cerebral edema 
is noted with increased T2 signal in the corpus callosum and subcortical white mat-
ter, indicative of the permeability of the blood brain barrier [16]. On the other hand, 
Burtscher et  al. found Microhemorrhages in the cerebellar peduncles of a high-
altitude climber, indicative of a correlation between the anatomical site of injury 
and ataxia [11].

Davis describes that autopsies showed microbleeds in the white matter and cor-
pus callosum consistent with those seen in MRIs of HACE survivors [16]. Likewise, 
Burtscher et al. point out that magnetic resonance imaging can show hemosiderin 
deposits in the splenium of the corpus callosum after microbleeding even months 
after recovery from HACE [11]. Lafuente et al. explain that corpus callosum could 
be irrigated by short, small, perforating arterioles without adrenergic tone, predis-
posed to hypoxic vasodilation, autoregulatory failure and overperfusion, with sub-
sequent microbleeding. They add that the microhemorrhages are due to the 
obstruction of the venous flow, this hypothesis is based on the presence of dilation 
of the retinal veins and retinal microhemorrhages present in people who ascend to 
high altitude [5].
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�Optic Nerve Sheath

Kanan et al. indicate that there is a correlation between the diameter of the optic 
nerve sheath and increased intracranial pressure, given that the intraorbital sub-
arachnoid space expands due to increased intracranial pressure [17] and show that, 
while a large cross-sectional study positively associated severity of AMS with 
increased optic nerve sheath diameter seen on ultrasound, two other prospective 
studies concluded a weak/no relationship between optic nerve sheath diameter and 
high-altitude headache or AMS [18].

�The Standard Approach to Management

�Prophylaxis

Dekker et al. establish that they do not require pharmacological prophylaxis:

	1.	 Those who ascend up to 2500 m.a.s.l.
	2.	 Those who ascend gradually for 2 (two) or more days up to 3000  m.a.s.l. 

Davis points out that graduated ascent is the best prevention, pointing out 
that: (a) above 2500 m.a.s.l. one should not ascend more than 500 m/day and 
(b) after the 1500 m ascent an additional night is necessary for acclimatiza-
tion [16].

	3.	 Those who ascend 500 m/day.
	4.	 Those who do not have a history of having suffered from AMS [7].

So also Dekker et  al point out that drug prophylaxis should be considered for 
people who:

	1.	 They have a history of having suffered from AMS.
	2.	 They ascend to more than 2500 m.a.s.l. in one day.
	3.	 They ascend 500 m/day or more above 3000 m.a.s.l.
	4.	 They ascend to very high or extreme altitudes.
	5.	 They ascend rapidly [7].

�Prophylaxis Drugs

�Acetazolamide (Az)

Recommended dose of Az for AMS prophylaxis is 125 [11] to 250 mg bid from the 
day before altitude exposure and low-dose pretreatment (125 mg bid) should be 
started 2 days before altitude exposure to altitude [2, 10] and continue for 48 hours 
once arrived at the destination altitude. Joyce et al. indicate that the 62.5 mg BID 
dose may be just as effective in preventing AMS [10].
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Administration of acetazolamide as prophylaxis with recommendation grade 
(RG): 1A [19].

�Dexamethasone (Dx)

4 mg every 12 hours intramuscularly (IM), or intravenously (IV), (RG: 1A) [19].

�Acetaminophen/paracetamol

1 g 3 times daily (RG: 1C) [19].

�Ibuprofen

600 mg 3 times daily (RG: 2B) [19].

�The Treatment

�Non-pharmacological Treatment

	1.	 Ensure that the patient’s head is elevated to 30° in the supine position.
	2.	 Evidence indicates that people with AMS can remain at high altitude with symp-

tomatic treatment [7]. However, the main treatment for AMS and HACE is 
descent [7, 16] or as far as symptoms cease [3].

	3.	 Portable hyperbaric chambers (Gamov bags) [7]: Aksel et al, indicate that limited 
evidence demonstrates the usefulness of portable hyperbaric chambers when 
descent is impossible. The treatment lasts long hours, not without problems (nau-
sea, claustrophobia, etc.) and the symptoms can reappear at its conclusion [3]. 
Davis reports that 0.9 kg/2.5 cm2 (2 pound/inch2) intra-chamber pressure simu-
lates a descent of up to 1500 m (4,920 ft). Chamber depressurization should be 
gradual to avoid middle ear contraction and barotrauma [16]. The use of a portable 
hyperbaric chamber is useful for people who climb snowy peaks or mountains, 
while the descent is carried out safely until arrival at a hospital (RG: 1B) [19].

	4.	 Other measures, we recommend not consuming alcoholic beverages when arriv-
ing in high-altitude cities, as well as notably reducing tobacco consumption (ide-
ally avoiding it) until arriving in the country of origin.

�Pharmacotherapy

	1.	 Oxygen through nasal cannulas or mask, with saturation titrated at 90% for all 
patients with suspected HACE, even more so due to the frequent concomitance 
of HAPE and critical condition [16]. Evidence shows that low-flow O2 (2L/min) 
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via nasal cannula during sleep alleviates the physiological stress of hypobaric 
hypoxia and effectively simulates sea level below 3000 m.a.s.l. [16] It recom-
mends avoiding prolonged hyperoxia in critically ill patients due to increased 
mortality. Oxygen administration with RG: 1A [19].

	2.	 Oxygen through the advanced airway in comatose patients [16] maintaining an 
O2 saturation of at least 90%, avoiding hyperventilation (at 3600 m.a.s.l. -La Paz 
Bolivia- normal PaCO2 is 30 mmHg) and arterial hypotension, both factors can 
cause cerebral ischemia and hinder the neurological prognosis.

	3.	 Evidence indicates that analgesics (acetaminophen/paracetamol 650-1000 mg) 
or non-steroidal anti-inflammatory drugs (ibuprofen 600  mg) can be used to 
relieve high altitude headache [3].

	4.	 Given the need to administer parenteral solutions, isotonic solutions are used. 
Avoid overhydrating the patient and/or administer hypotonic solutions.

Carod indicates that pharmacological treatment seeks Increase ventilatory response, 
and decrease cytokine release and inflammation [14]:

�Increase Ventilatory Response

�Acetazolamide (Az)

Acetazolamide inhibits aquaporin, modulates reactive oxygen species (ROS), heat 
shock protein 70 (HSP-70), the IL-1 receptor agonist, HIF, regulates cyclic ade-
nosine monophosphate (cAMP) [9] and inhibits renal carbonic anhydrase by stim-
ulating the loss of bicarbonate (HCO3−) and sodium (Na+) in the urine with 
retention of H+ and chloride (Cl−) and effective reduction of serum pH plus sub-
sequent metabolic acidosis that stimulates minute ventilation and increases PaO2 
[14, 10].

HACE can be treated with Az 125–250 mg/8–12 h [17], however, due to adverse 
effects (e.g. paresthesia, polyuria, rash, dysgeusia, etc.) it is important to establish 
the dose minimum effective [10]. Davis discusses the importance of avoiding the 
use of Az in people with a history of anaphylaxis to sulfa antibiotics and keeping 
Stevens-Johnson syndrome in mind [2, 16].

�Metazolamide (Mtz)

The administration of 150 mg of Mtz is as effective as that of Az with fewer adverse 
effects. Joyce et al. point out that Mtz, in vitro, activates the gene transcription fac-
tor related to nuclear factor 2 (Nrf-2) that positively regulates antioxidant proteins 
that eliminate reactive oxygen species (ROS), it is not clear if this effect would 
occur in vivo [10].

S. D. R. Gutierrez et al.



131

�Benzolamide (Bz)

Bz has similar efficacy to Az with less psychomotor effect efficacy due to its lower 
penetration to the central nervous system [10].

�Decrease Cytokine Release and Inflammation

�1 Dexamethasone (Dx)

Joyce et al. show that Dx reduces ROS generation, positively regulates endogenous 
antioxidants/HSP-707/adrenomedullin, causes sympatholysis, improves O2 satura-
tion and modifies aquaporin expression [10], Carod adds blockade of VEGF factor 
expression and reversal hypoxia-induced cerebral edema [14]. Aksel et al. [3] and 
Joyce et al. initially recommend 8–10 mg of Dx intramuscularly (IM), or intrave-
nously (IV), followed by 4 mg every 6 hours [2, 10].

�Controversial Aspects of Management

Pre-acclimatization through a tent, chamber or commercial hypoxia mask, showing 
that brief and intermittent exposure to hypoxia of less than 6 h/day does not seem to 
prevent AMS and remote ischemic preconditioning, the application of which lacks 
support in the literature [16].

Aksel et al. emphasize that there is no evidence authorizing the use of hypertonic 
saline, loop diuretics, or mannitol in patients with HACE. In addition, they advocate 
avoiding loop diuretics due to the danger of hypotension, cerebral hypoperfusion 
and ischemia. There is insufficient evidence to support the use of ginkgo biloba, and 
budesonide [3].

The group of Geng et al., conducted a study in adult male mice subjected to the 
combination of LPS (0.5 mg/kg, intraperitoneal injection) and exposure to hypo-
baric hypoxia in a hypobaric hypoxia chamber (mimicking 6000 m.a.s.l.) in order to 
create the HACE model. The mice received gipenoside-14 (GP-14), a bioactive 
fraction during the plant Gynostemma pentaphyllum 7 days and that would have 
antihypoxic activity in vitro and in vivo. The study emerged that GP-14 suppressed 
the NF-κB pathway, inhibited microglial activation and inflammatory cytokine pro-
duction in a mouse HACE model, however further studies are still required for its 
administration in HACE [20].

On the other hand, Mehany et al., studied the effects of quercetin (a component 
of various vegetables, plants and fruits) with antioxidant and anti-inflammatory 
effect. The rats subjected to hypoxic chamber to simulate a decreased atmospheric 
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pressure and an altitude of 5000 m.a.s.l. received 20 mg/Kg of quercetin. The results 
showed increased concentrations of biomarkers such as: glutathione, glutathione 
S-transferase, glutathione reductase, glutathione peroxidase, superoxide dismutase, 
catalase and a decrease in malondialdehyde levels, it would also have the ability to 
scavenge free radicals resulting from hypoxia [21].

In relation to the coca plant, it is native to South America, probably domesticated 
about 4000 years ago. The variety Erythroxylum coca var. coca is found in Bolivia 
and is made up of three alkaloids: cocaine, cis-cinamilcocafoa, trans-cinamilcocafoa 
indicated by a study by the Bolivian Institute of High-altitude Biology published in 
1997 [22]. It is ingested as an infusion (coca tea) by most visitors to cities above 
3000  m.a.s.l., in order to reduce the symptoms/signs of “Sorojchi” (Altitude 
Sickness/Mountain Sickness). Among the studies related to the coca leaf, Spielvogel 
et al. investigated the use of coca and its relationship with effort, they subjected 60 
men from two communities of the Bolivian Altiplano (32 male coca leaf chewers 
and 23 non-consumers) to exercise tests using a stationary bicycle. It was evaluated 
oxygen consumption (VO2), carbon dioxide production (VCO2), the exchange ratio 
of these two gases (R = VCO2/VO2) called respiratory quotient, ventilation (VE) 
and respiratory equivalent (VE/VO2). There is also fever, heart rate (HR), blood 
oxygen saturation (SaO2), glucose, free fatty acids, lactate, and the hormones epi-
nephrine and norepinephrine flourish in blood samples. The respiratory quotient (R) 
was lower in the coca leaf users than in the non-users in the maximum effort, while 
the other variables were similar in both, the users showed a lower SaO2 and a Higher 
HR in relation to non-users, epinephrine and norepinephrine was higher in the con-
sumer group. In the group of non-consumers, VO2 was higher in relation to the 
duration of the test, while in the group of consumers it remained stable for 30 min-
utes with a late increase. The results indicate that chewed coca leaves could help to 
work for a longer time before exhaustion sets in [23]. To date there are no studies 
with scientific evidence to support the use of coca tea or chewed coca leaves to be 
used as part of the treatment or prevention of HACE.
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Chapter 14
High Altitude Cor Pulmonale

Gunjan Chanchalani, Kanwalpreet Sodhi, and Manender Kumar Singla

�Case

A previously healthy, 36 year old male had been on vacation with his wife in Lahaul 
Spiti (India; 5000 m height) for 3 days. He presented to the emergency with pro-
gressively worsening clinical symptoms over the past 48  hours, with moderate 
headache and dizziness since landing, relieved by taking a paracetamol, and later 
followed by cough associated with progressively increasing dyspnea.

On physical examination, he appeared tachypneic with a respiratory rate of 32 
breaths per minute, oxygen saturation of 84% on room air, rales in bilateral lung 
bases, elevated jugular venous pressure, loud second heart sound and pedal edema.

On further investigation, there was leukocytosis; Chest X-ray showed multiple 
bilateral alveolar opacities, predominantly in peri-bronchovascular region; ECG 
showed right axis deviation, QR wave in lead V1, and dominant R wave in leads V1 
to V3 with no other abnormality.

Echocardiography showed dilated right ventricle (RV) with RVEDA of 18.7 cm2/
m2; the right-to-left ventricular end-diastolic area ratio of 65% with the bowing of 
the interventricular septum into the left ventricle (LV) giving a characteristic D 
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configuration of the LV (consistent with volume and pressure overload of the RV), 
estimated pulmonary artery systolic pressure of 84 mm Hg (mean of 46 mmHg) and 
IVC diameter of 2.2 cm at expiration, non-collapsing during inspiration. The maxi-
mal velocity of the tricuspid regurgitant jet was increased, with a calculated trans 
tricuspid pressure gradient of 62 mmHg. The right atrium was dilated with the bulg-
ing of the inter auricular septum into the left atrium. On doppler imaging, the right 
heart showed a decreased ejection wave.

�Standard Approach to Management

�Clinical Presentation

The classical symptoms and signs of cor pulmonale include dyspnea, cough, cyano-
sis, sleep disturbance, irritability, and clinical signs of right heart failure. Signs of 
backward RV failure include features of systemic congestion with elevated jugular 
venous pressure with dilated jugular veins, facial and lower limb edema, congestive 
hepatomegaly, ascites, pericardial effusion and effort angina.

In severe forms, it can lead to compromised LV diastolic filling, due to interven-
tricular dependence, causing forward failure with hypotension and organ 
hypoperfusion.

�Chest Radiography

Chest X-ray shows cardiomegaly, prominence of central and peripheral pulmonary 
arteries (Fig. 14.1).

Fig. 14.1  CXR showing 
cardiomegaly, with 
relatively oligemic lung 
fields
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Fig. 14.2  ECG showing sinus tachycardia with incomplete right bundle branch block

�Electrocardiogram

ECG shows right axis deviation and evidence of marked right ventricular hypertro-
phy. Other ECG criteria include RS-ratio in lead V5 or V6 ≤  1, S in V5 or V 
6 ≥ 7 mm, P-pulmonale or a combination of these. RV failure may often be associ-
ated with atrial flutter or atrial fibrillation (Fig. 14.2).

�Echocardiography

2D echocardiography assists in diagnosis by evidence of features of right ventricu-
lar hypertrophy and/or right heart failure.

A transthoracic echocardiogram shows marked increase in mean and systolic 
pulmonary arterial pressure, with an increase in the tricuspid regurgitant jet and a 
increase in the trans-tricuspid pressure gradient. The right ventricle is dilated, with 
an increase in the right ventricle end-diastolic area (RVEDA), and a high right-to-
left end-diastolic area ratio, leading to flattening of interventricular septum, and 
paradoxical motion of the interventricular septum. The right atrium appears dilated 
too, with the interatrial septum bulging towards the left side. The inferior vena cava 
is dilated with loss of inspiratory decrease in size. On tissue doppler a decreased 
ejection wave of the RV is seen (Fig. 14.3).
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Fig. 14.3  Echocardiography 
showing dilated right atrium 
and right ventricle

�Cardiac MRI

Cardiac MRI is now considered as the standard reference method to assess the car-
diac chambers and function, when echocardiography findings may be limited due to 
poor visualization of the RV.

�Treatment

The treatment for symptomatic high altitude cor pulmonale is moving to low alti-
tude, which reverses the condition within few days to few weeks [1–3].

Oxygen supplementation may help temporarily.
Low level evidence exists for use of endothelin receptor blockers, phosphodies-

terase-5 inhibitors, calcium channel blockers, or high-dose corticosteroids [3].
Treatment of RV failure involves volume optimization if preload dependent, or 

use of diuretics if evidence of congestion but usually diuretics are not helpful and 
may sometimes be harmful due to decrease in preload with worsening the cor pul-
monale. Perfusion pressure can be maintained with use of Noradrenaline as vaso-
pressor. A positive ionotropic drug (Dobutamine / Levosimendan) may be added to 
improve myocardial contractility. Use of Mechanical circulatory support may be 
considered. The role of pulmonary vasodilators is controversial.

�Prognosis

The condition is reversible with descent to sea level and has a good prognosis [1].
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�Evidence Contour

	 (i)	 The prevalence
Congestive RV failure on exposure to high altitude was initially reported in 
the late nineteenth century in cattle transported to the high pastures of Utah 
and Colorado, named as “brisket” disease [4]. In adults, this syndrome was 
seen in 10–20% of soldiers, involved in strenuous activity at 5800–6700 m [5].

In humans, RV may be affected in long term inhabitants at high altitude 
known as “subacute mountain sickness”- rapidly progressing congestive 
heart failure [5].

A similar finding of acute right heart failure was objectified by echocar-
diography in a European tourist travelling to Bolivia [6].

	 (ii)	 What is subacute mountain sickness (SMS)?
Usually an insidious onset, with gradual worsening dyspnea and edema. The 
symptoms start becoming evident about 10.8 ± 5.9 weeks of stay at high alti-
tude, usually presenting with gross anasarca with severe shortness of breath. 
The incidence is higher in children and in males [7].

	 (iii)	 What is Chronic Mountain Sickness (CMS)?
RV dysfunction is seen in some long-term residents at high altitude, with 
chronic pulmonary hypertension [8].

Chronic mountain sickness (CMS), or Monge’s disease, affects about 5% 
to 10% of the population permanently living at high altitude, above 2500 m 
[1]. Progressive loss of ventilatory rate, and hypoxemia leads to polycythemia 
(Hb ≥19 g/dL for women and Hb ≥21 g/dL for men). This is also associated 
with pulmonary hypertension, which in advanced cases progresses to cor pul-
monale [1].

	 (iv)	 Susceptibility
About 10% to 20% of the individuals stationed at high altitude were found to 
be affected in a study, however no clear-cut factors could be identified for this 
incidence [9].

Right heart failure induced by altitude, is usually seen at heights of 4000 m 
above sea level, and is secondary to hypoxic pulmonary hypertension. The 
incidence of pulmonary hypertension and thus cor pulmonale has shown to 
increase with higher altitude and with the longer duration of stay [10]. Few 
cases have been reported in children and adults at altitudes below 3000 m as 
well [7].

SMS occurs in adults usually at altitudes above 5500 m, whereas in infants 
it manifests at altitudes of 2500-3000 m. This is secondary to the fact that 
children develop greater pulmonary vasoconstrictor response and thus greater 
pulmonary hypertension to hypoxia. This response to hypoxia decreases with 
age [11].

Tibetans have a very low incidence of SMS [7], as they develop no or 
minimal pulmonary hypertension in response to hypoxia [12], and thus do not 
develop cor pulmonale. This natural selection to hypoxic atmosphere expo-
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sure makes Tibetans the best ethnicity to long-term adaptation to environ-
mental hypoxia. These phenotypic, physiological, and genetic adaptations 
have been unchanged over the last generations, despite miscegenation [13].

	 (v)	 Pathophysiology
Pulmonary artery pressure inevitably rises on ascent to high altitude, along a 
parabolic curve [2], secondary to pulmonary artery vasoconstriction. Cor pul-
monale usually manifests weeks to a few months of continuous exposure to 
hypoxia at high altitude. Exposure to alveolar hypoxia causes immediate and 
reversible pulmonary vasoconstriction, which is mediated by endothelin-1 
and other mediators. Persistent and prolonged hypoxia leads to thickening 
and hypertrophy of the tunica media of the pulmonary vessels [9].

Due to increased afterload, the RV hypertrophies and dilates, and if this 
pulmonary hypertension is severe, it leads to cor pulmonale. Activation of the 
sympathetic nervous system, and adaptation of RV to hypovolemia may have 
an additive effect on the altered RV function. Other contributing factors may 
include polycythemia, remodeling of the pulmonary vasculature structure, 
the pulmonary vasoconstrictive effects of cold, and pulmonary thromboem-
bolism [9].

In natives at high-altitude, similar findings in cardiac function were seen 
with both systolic and diastolic function indices being mildly depressed, an 
adaptation of the heart to relatively milder pulmonary hypertension. These 
differences on acclimatization may be secondary to different sympathetic 
nervous tone, hypovolemia and decreased preload, and possibly direct car-
diac effects of prolonged chronic hypoxia [14, 15].

	 (vi)	 Role of myocardial dysfunction
Hypoxia at high altitude can cause myocardial depression [16, 17], however 
its contribution to the right heart failure at high altitude is not proven.

Exposure of healthy subjects to high altitude (over 6000 m) for 25 days, 
did not find an impairment of the cardiac function in the Everest II study 
[18, 19].

	(vii)	 Role of the kidney and neuro-endocrines
Soldiers with adult subacute mountain sickness, were found to have a 20% 
increase in total body water and a increase in total body sodium of 23% [9].

In a study, Anand et al. measured body fluid compartments, renal blood 
flow, and plasma hormones in normal asymptomatic soldiers stationed for 
approximately 10 weeks at extreme altitude above 6000 m [20]. All the body 
fluid compartments - the total body water, plasma volume, blood volume, and 
total body exchangeable sodium were significantly increased. The effective 
renal plasma flow was reduced by 55%. The plasma hormonal response with 
rise in plasma norepinephrine and serum aldosterone levels, with unaffected 
plasma epinephrine and renin was seen [20].

Studies suggest a possibility that the salt and water retention seen in the 
normal subjects at extreme altitude and that seen in the soldiers with the sub-
acute mountain sickness, could be secondary to mechanisms to reduce the 
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renal blood flow, which is independent to the incidence of pulmonary arterial 
hypertension and myocardial dysfunction [21].

	(viii)	 Treatment and prevention
Adults should avoid long stays at altitudes higher than 5500 m. Some adults 
improve temporarily with supplemental oxygen [22], as well as with nifedip-
ine or sildenafil [23], although full remission of SMS (in children and adults) 
is only achieved by descending to low altitude [9].

Low level evidence exists for use endothelin receptor blockers, phospho-
diesterase-5 inhibitors, calcium channel blockers, or high-dose corticoste-
roids [3].

	 (ix)	 Reversibility
Experimental data has proven that structural changes in the pulmonary vascu-
lature occur with exposure to hypobaric hypoxia and are reversible over few 
months of exposure to euoxia [24].

On descent to sea level, there may be evidence of residual pulmonary 
hypertension, followed by the complete resolution of pulmonary arterial pres-
sures over next 12 to 16 weeks, support the concept of structural remodeling 
of pulmonary vasculature in this group of patients [9].
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Chapter 15
Nutritional Management of Critically Ill 
Patients in High Altitude Medicine

Víctor Manuel Sánchez Nava and Carlos Mauricio González Ponce

�Initial Management of Nutrition in Air Transport

�Case Presentation

A 32-year-old male patient with no significant pathological history, does not have a 
complete vaccination schedule for covid-19. He went to the emergency sequence 
service due to respiratory distress which has been exacerbating in recent days, the 
patient had severity criteria for intubation, so it is carried out quickly without com-
plications and he is transferred to the intensive care unit. As there are no contraindi-
cations, it is decided to start enteral nutrition within the first 24 h, which is optimized 
in the following 48 h until 60% of their energy needs are achieved. During the first 
72 h, he had a torpid respiratory evolution with severe ARDS criteria and PAFI less 
than 80 despite neuromuscular blockade and a prone cycle for 48 h, so it was decided 
to protocolize ECMO.  Cannulation was performed by the ECMO team, and an 
international air transfer was decided by the multidisciplinary team to continue with 
ECMO support in another hospital unit.
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Question  What would be the best way to continue nutrition during the 
transfer?

Answer
Considerations in altitude medicine and artificial enteral nutrition

In air transport, adverse effects may arise from the means of transport itself, as 
well as from the drop in atmospheric pressure.

The decrease in atmospheric pressure conditions the decrease in the partial pres-
sure of oxygen in ambient air, in the alveolus and, therefore, produces a decrease in 
the conduction pressure of oxygen transported in the blood. Unpressurized helicop-
ters do not fly at altitudes greater than 4000–5000 feet (1200–1500 m) above sea 
level. This assumes a barometric pressure greater than 632 mmHg, so the pAO2 will 
be greater than 80 mmHg. Under these conditions, the FIO2 required to maintain a 
pO2 of 100 mmHg will be less than 26%. In pressurized aircraft, the altitude reached 
in flight plays little part, generally maintaining pressures close to those obtained at 
sea level.

In critically ill patients, the slight hypoxia resulting from the decrease in the 
partial pressure of oxygen could determine its aggravation. The initiation or exac-
erbation of hyperventilation and increased cardiac output may be critical for the 
evolution of the process. Therefore, correct oxygenation must be guaranteed to 
patients evacuated by aircraft, supplying them with supplemental oxygen either in 
spontaneous or artificial ventilation, correcting the theoretically necessary 
FIO2 [1, 2].
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The drop in atmospheric pressure also exerts effects on the gases enclosed in 
organic cavities. According to the Boyle-Mariotte law, volume is inversely propor-
tional to pressure: VK * T/P; where V is the volume of gas, P is pressure, T is the 
temperature (which remains constant at around 37 ° C) and K is a constant.

With the height of flight, an expansion of the gases is produced, which causes:

–– Increased trapped volume in undrained pneumothorax
–– Aggravation of mediastinal emphysema and expansion of non-reabsorbed resid-

ual air accumulations after thoracotomy.
–– Increased intracranial pressure in patients with pneumocephalus.
–– Increased intraocular pressure.
–– Tympanic membrane rupture and barosinusitis.
–– Distal ischemia after cast immobilization.
–– Gastrointestinal tract distension: worsening of intestinal ileus, dehiscence of 

sutures and abdominal anastomoses in post-surgical patients, reactivation 
of digestive bleeding and all the consequences in patients with previous 
intestinal pathology as far as mesenteric flow is concerned.

All these effects become somewhat more significant at a height of 2000 m. where 
the volume of the gases can be increased by up to 30%.

Depending on the type of air transport used, there are some mechanical factors 
that can influence the patient’s pathological state to a greater or lesser extent: 
acceleration-deceleration of the aircraft, vibrations, and noise; Despite this, none of 
these mechanical incident’s conditions the indication of evacuation of patients on 
aircraft.

It is necessary to point out the possible impact on the distribution of blood vol-
ume caused by sudden changes in speed. The accelerations that occur in aerial 
media range between 0.5 g in aircraft takeoff and 0.3 g in helicopters, values below 
those achieved in ground vehicles. These accelerations may be more important in 
the transverse and vertical axis, so it is recommended that the patient be placed in 
the longitudinal axis of the aircraft, placed in decubitus, with the head backwards 
and the feet facing the direction of travel [3].

The vibrations that occur in the air are of high frequency and therefore exceed 
the most harmful range of amplitude 4–12 Hz, which is where resonance phenom-
ena originate in organs and this clearly has repercussions on enzymatic secretion 
and mechanisms of internal sphincters, as well as the glandular functioning of bull 
the digestive tract. Helicopters with two blades produce vibrations of 18 Hz, reach-
ing 28 Hz for those with three blades. The frequencies produced by airplanes are 
even higher [2].

It is important to consider all the pathophysiological aspects that the change in 
altitude may have as an impact on the different organs and pathologies of the 
patients who are going to be transferred to make the appropriate adjustments and, 
above all, consider transfer times to see the nutritional requirements during trans-
port. There is no absolute contraindication to avoid feeding patients during 
transfers.
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�Principles of Management

�Physiopathological Consequences and Metabolic Response to Stress

Under conditions of injury, as little as 16–24 h after fasting, liver glycogen stores 
are depleted; this results in protein degradation, which supplies amino acids to glu-
coneogenesis to maintain glucose production, and from there energy through gly-
colysis. However, the use of proteins during prolonged fasting is costly for the 
organism since their losses lead to a decrease in intracellular functions [4, 5] The 
metabolic response to stress (Fig. 15.1) is characterized by changes in hormones 
and inflammatory mediators. Hormonal changes (Fig. 15.2) are characterized by 
elevated adrenocorticotropic hormone (ACTH), cortisol, epinephrine, norepineph-
rine, vasopressin, glucagon, renin, aldosterone, and decreased thyroid-stimulating 
hormone (TSH), thyroxine (T.) free, total and free triiodothyronine (T4), which lead 
to hepatic proteolysis, lipolysis, gluconeogenesis and glycogenolysis.

The inflammatory response is characterized by complement activation, which 
generates the release of leukotrienes and prostaglandins, as well as complement 
fragments that can act as vasoactive kinins, which are the most important cellular 
factors of aggression. Both interleukin 1 (IL-1), the most active, as well as IL-2 and 
IL-6 and cachectic or tumor necrosis factor (TNF) have very harmful effects on the 
body (see Fig. 15.1). One of them is hypercatabolism, which is the increase in pro-
tein utilization without a proportional increase in synthesis, which leads to a nega-
tive nitrogen balance [6, 7].

Fig. 15.1  Metabolic response to a serious aggression with systemic repercussion. Ugarte, S., 
Laca, M., Matos, A., & Sánchez, V. (2017). Fundamentos de Terapia Nutricional en Cuidados 
Críticos-FTNCC. Bogotá-Colombia: Grupo Distribuna (With the permission from Panamerican 
Nutrition Group)
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Fig. 15.2  Neuroendocrine response to the initial insult in critically ill patients. Ugarte, S., Laca, 
M., Matos, A., & Sánchez, V. (2017). Fundamentos de Terapia Nutricional en Cuidados Críticos-
FTNCC.  Bogotá-Colombia: Grupo Distribuna. (With the permission from Panamerican 
Nutrition Group)

The metabolic response to the combination of starvation and hypermetabolic 
stress generates an increase in the production of catecholamines, glucagon, insulin 
and growth hormone that favors lipolysis and gluconeogenesis. Liver glycogen is 
first used to further deplete muscle stores, contributing to the patient’s cachexia.

Ketogenesis then occurs to save protein and amino acids, which worsens the 
patient’s clinical picture.

In systemic inflammatory response syndrome (SIRS) there is increased IL with 
increased energy expenditure and protein catabolism. In the compensatory anti-
inflammatory response syndrome (CARS) there is an increase in the release of TNF 
and IL-1 and 6 that inhibit the release of L-carnitine, which generates an increase in 
triglycerides and fatty acids; this generates immunoparalysis and facilitates infec-
tions (see Fig. 15.4).

There is a high metabolic rate with high amino acid and protein requirements. 
When the decrease in proteins reaches 30% or 40%, multiple organ failure occurs, 
which is incompatible with life.

The intestine, an organ that was traditionally considered exclusively related to 
the digestion and absorption of nutrients, we now know that it also intervenes in the 
regulation of endocrine, immunological, and metabolic processes, and acts as a bar-
rier between the external and internal media. The presence of nutrients in the intes-
tinal lumen, even in minimal amounts, stimulates the release of gastrointestinal 
hormones and improves intestinal motility and function, making it necessary to 
maintain its structural and functional integrity [8–10]. The loss of the barrier func-
tion of the intestine allows bacteria, endotoxins and antigenic macromolecules to 
pass into the portal and systemic circulation and, therefore, bacterial translocation. 
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This facilitates the release of mediators that trigger the systemic inflammatory 
response and thus establishes a relationship between barrier failure and multi-organ 
failure (MOF) [8, 11, 12].

These concepts related to the metabolic response to stress and the function of 
the intestine have opened new perspectives in the use of enteral nutrition (EN) in 
the search for specific substrates that can attenuate or counteract these effects 
[12, 13].

Figure 15.3 shows the stages of the response to stress, which must be known and 
managed properly to avoid increased morbidity and mortality. In the first moment 
(acute stage: ebb-flow) the goal is to maintain blood volume, hemodynamic func-
tions, hydration, and acid-base balance.

In the flow stage, caloric intake is essential, with an adequate amount of protein, 
vitamins and minerals. In the second stage (maintenance) and in the third (anabo-
lism, or recovery), nutritional management is essential, with an adequate caloric 
intake, with a balanced ratio of proteins and calories, and with adequate intake of 
vitamins and minerals.

In summary, we can say that the non-use of the digestive tract affects its subse-
quent functioning, as well as its structure and integrity, which decreases cell prolif-
eration, mucosal mass and enzyme production. There is an increase in capillary 
permeability that increases the risk of bacterial translocation, with bacterial prolif-
eration and less secretion of immunoglobulins. This makes it possible to create an 
environment conducive to bacterial translocation that worsens a pathology that is 
already highly fatal, such as sepsis and septic shock.

We must not overemphasize that wound healing will be slower, with a higher 
incidence of pressure ulcers.

Fig. 15.3  Increased contribution from undernourishment to coverage of needs and recovery of 
reserves. Ugarte, S., Laca, M., Matos, A., & Sánchez, V. (2017). Fundamentos de Terapia 
Nutricional en Cuidados Críticos-FTNCC. Bogotá-Colombia: Grupo Distribuna (With the permis-
sion from Panamerican Nutrition Group)
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An alteration of cellular immunity occurs, which leads to an increase in mortal-
ity, hospital stay (in 2–3 days) and hospital costs, which increase up to 67% [14–
16]. It has been shown that the incidence of complications increases and reaches 
27% in malnourished patients versus 16.8% in those with normal nutrition 
(p < 0.05) [17].

�Nutritional Assessment

Every patient should have a nutritional evaluation upon admission, and no less than 
30 tools are described in the literature. In hospitalized patients, the VGS, MUST and 
NRS-2002 scales have shown adequate sensitivity and specificity; In critically ill 
patients, the NUTRIC SCORE is used to identify patients who would benefit from 
the prescription of aggressive enteral nutrition, using variables such as age; APACHE 
II scale, SOFA; number of comorbidities and days prior to admission to the ICU 
[18], this being the best use for nutritional assessment due to its versatility. The use 
of this scale can be done together with the clinical examination looking for malnu-
trition data such as involuntary weight loss and muscle wasting, associated with 
inflammatory processes or decreased intake or assimilation of nutrients. Early 
enteral nutrition (<48 h upon admission) should be considered in all patients regard-
less of risk since patients with high risk or malnutrition could benefit from achiev-
ing caloric goals after the early acute phase (day 1 to 2) and those with low risk or 
without malnutrition assess hypocaloric intake the first 7 days [19].

The nutritional parameters to consider are:

Anthropometric: weight, height, skinfold, body mass index (BMI) and arm muscle 
circumference.

Biochemical: creatinine/height index. Serum albumin, 24-h urinary nitrogen, lym-
phocyte count, transferrin, prealbumin, and retinol-binding protein dosage.

Others: Sodium, potassium, calcium, zinc, iron, chromium, manganese, carotene, 
25-hydroxyvitamin D, tocopherol, Vitamin B, folate and iron binding capacity.

These determinations and measurements have one exception in the critical 
patient, given the alteration of several parameters due to the high rate of volume 
transfer, edema, alterations in body weight and their response to stress, which 
affects the estimation nutritional status and sometimes underestimates the serious-
ness of its commitment [19].

One of the few assessments that has been well validated in intensive care units 
(ICUs) is the so-called subjective global assessment (SGA), since it facilitates the 
identification of patients at risk.

This subjective assessment involves questioning about the six points that we 
detail below:

Weight changes: Chronic loss (last 6 months) or acute loss in the last 2 weeks. Mild: 
0–5% of the weight; moderate: 5–10% of the weight; and severe: >10% of 
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previous weight. Changes in the diet eaten. Gastrointestinal symptoms (nausea, 
vomiting, diarrhea or anorexia).

Functional capacity: look for the existence of alterations in work capacity and/or 
activities of daily living.

Relationship between disease and nutritional need: for example, there is up to a 
30% increase in need in cancer patients.

Directed physical exam: Loss of subcutaneous fat is sought. Loss of muscle tissue. 
Presence of malleolar edema, sacral edema and/or ascites. As well as stomatitis 
and glossitis.

�Start of Therapeutic Nutrition

One way to estimate the energy requirement is through the Harris-Benedict equation:
REE (resting energy expenditure):

	
Men 66 13.7 weight 5 height in cm 6.76 age: + ×( ) + ×( ) − ×( ) 	

	
Women 65 9.6 weight 1.8 height in cm 4.7 age: + ×( ) + ×( ) − ×( ) 	

The weight to use is the ideal—except in severely malnourished patients, in 
whom the REE is calculated with the actual weight, and in the obese patient, in 
whom the adjusted body weight (ideal weight + 0.4) is used.

The simplified formula can also be applied by calculating caloric requirements at 
25 to 30 kcal/kg/day. Other methods include direct measurement by calorimetry or 
the use of the pulmonary artery catheter:

	
REE Cardiac output Hb SaO, SVO 95.18= × × −( )×.

	

Where Hb is hemoglobin and (SaO, − SVO.) is the difference between arterial 
and venous oxyhemoglobin saturation.

The caloric need is then distributed in different percentages. Carbohydrates, 
60%, and lipids, 30%. Protein needs are approximately 0.8–1 g/kg/day and in states 
of hypermetabolic stress, 1–2 g/kg/day. This last contribution must be adapted to 
renal function and controlled with nitrogen balances that allow estimating the loss 
of nitrogen in the urine.

In critically ill patients on mechanical ventilation with a BMI less than 30 kg/m2, 
it is often preferred to estimate caloric requirements using the equation developed 
by researchers at Pennsylvania State University. In contrast, in mechanically venti-
lated patients with a BMI of 30 kg/m2 or more, the Ireton-Jones equation modified 
in 2002 (or the Pennsylvania State University equation modified in 2011) is pre-
ferred, and for spontaneously breathing patients the 1992 Ireton-Jones formula 
(Table 15.1).
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�Routes of Administration of Nutrients

�Oral/Enteral Nutrition

The different diets are started orally or enterally by tube if the gastrointestinal tract 
is intact. With this type of nutrition, the intestinal barrier is maintained, the 

Table 15.1  Validated equations for calculating energy requirements in critically ill patients. 
Ugarte, S., Laca, M., Matos, A., & Sánchez, V. (2017). Fundamentos de Terapia Nutricional en 
Cuidados Críticos-FTNCC.  Bogotá-Colombia: Grupo Distribuna (With the permission from 
Panamerican Nutrition Group)

15  Nutritional Management of Critically Ill Patients in High Altitude Medicine



152

metabolic response to injury or trauma is modulated and adequately stimulated 
system-associated lymphoid tissue (GALT; gut associated lymphoid tissue). This 
regulates the body’s immunity. By starting EN early (within the first 24–48  h), 
infection rates, the formation of intestinal fistulas, days in intensive care, hospital 
stay and, therefore, costs are reduced [20].

�Orally Administered

Clear liquid diets: to assess tolerance. Nutritionally inadequate [21].
Full liquid diet: thick liquids rich in lactose. Nutritionally inadequate [21].
Normal solid diet.
Low sodium diet: 4 g without additional salt or 2 g without salty foods or table 

salt [22].
Oral supplements: with better results in orthopedic surgery, when intake is less than 

75% of what should be consumed. There is a lower rate of infections, shorter 
hospital stays and faster rehabilitation [23].

�Nasogastric Tube Feeding (NGT)

It should be started when a patient does not have an adequate intake (defined as 
<60% of goal for >10  days). The tube can be nasogastric (NGS) or nasojejunal 
(NIS), installed blindly or under endoscopic guidance. It should be started as early 
as possible in critical patients, provided that their hemodynamic characteristics 
allow it, with progression to the objective caloric goal in the first 48–72 h; It should 
also be considered to supplement it if the objective is not reached in the first 10 days. 
In this way, bacterial translocation decreases, the immune system is stimulated with 
the release of lymphocytes and macrophages, and immunoglobulin A secretion 
increases.

Some of the more serious complications regarding enteral feeding should be 
considered, such as intestinal ischemia (4%), malabsorption disorders (20%), intes-
tinal subocclusion (15%), constipation (15%), diarrhea (60%) and the presence of 
nausea, vomiting and regurgitation (20%). It should be taken into account that a 
contribution of only 25% of the calculated caloric goal already manages to signifi-
cantly reduce bacterial translocation [24] thus maintaining enterocyte trophism.

�Parenteral Nutrition (PN)

It is indicated when there is dysfunction of the gastrointestinal tract, in patients with 
moderate or severe malnutrition in whom oral intake is impossible or insufficient 
within 24–72 h of admission and in patients with adequate nutritional status but who 

V. M. S. Nava and C. M. G. Ponce



153

a week after the start of enteral feeding cannot meet the caloric needs of the same. 
It should never be considered as the first option [25].

The components of PN are:

Dextrose (in different compositions; (25% or 50%), Lipids (10% or 20% soy or saf-
flower), medium-chain and long-chain triglycerides Amino acids (5–10%)

Vitamins and minerals: vitamin and trace element packages
Electrolytes: They are added depending on the metabolic, hydroelectrolytic and 

acid-base status. Digestive losses are replaced, due to fistulas, ostomies, drains, 
skin, among others.

The subclavian puncture is preferred for central PN, for catheters that will be used 
for a short or medium period. Their placement should be carried out by an expert 
operator and under ultrasound guidance. The catheter should be used only for PN, 
and the bag exchange technique should be sterile and handled with care. Possible 
complications of their placement are pneumothorax, chylothorax, hemothorax, gas 
embolism, arterial puncture, and neurovascular injury.

There is also the possibility of using the placement of a peripheral catheter for 
the administration of PN.

Peripheral PN is simpler and helps to avoid delaying the start of feeding, being 
less expensive than central PN, it provides less than 20 kcal/day, less than 1.5 g/kg/
day of protein and no more than 850 mOsm/L with high amount of lipids.

Care must be taken with the appearance of phlebitis and with the volumes admin-
istered and it should not be administered for more than 8–10 days. May supplement 
enteral feeding. The catheters used should preferably be made of polyurethane, of 
about 20–25 cm long. They should be rotated every 48 h preferably or at the slight-
est redness, swelling and/or pain. Healing can be done with transparent tegaderm-
type barrier devices.

There must be strict interdisciplinary control between nursing, intensive care 
doctors, nutritionists and the laboratory to avoid complications. Long-term cathe-
ters (considered those dedicated to greater than 3 months) must be tunneled and 
with implantable subcutaneous ports, placed by experienced vascular surgeons. NP 
can cause hyperglycemia and metabolic acidosis, decreases chemotaxis, phagocyto-
sis, and healing capacity with alterations in the complement cascade and an increase 
in inflammatory answer. A difference in mortality has not been demonstrated when 
selecting the enteral or parenteral route, but it was observed that enteral administra-
tion reduced the risk of infectious complications without a significant difference in 
the days of hospitalization [23].

�Modulation of the Inflammatory and Metabolic Response 
to Stress

After the publications of Dudrick and Wilmore [24–26], total parenteral nutrition 
(TPN) became popular and became the most widely used form of nutritional ther-
apy. However, this therapy was associated with significant metabolic complications, 
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particularly in those years when patients were believed to require high calorie loads, 
especially carbohydrates. What was then called parenteral hypernutrition was used 
in which patients received up to 200% of their basal energy expenditure (GEB), 
which was associated with hyperglycemia, hyperosmolar states, and increased rates 
of infection.

In the 1980s, stress hyperglycemia was considered a physiological metabolic 
phenomenon [27], until new studies showed that severely ill patients benefited from 
lower nutrient loads and a trend toward decreased caloric intake began. At the same 
time, the first studies emerged on the feasibility and safety of using EN in many 
patients who until then had only been able to be fed intravenously.

Trauma, serious illnesses, and major surgeries are the origin of profound inflam-
matory and metabolic changes whose basic objective is to guarantee adequate 
defense of the body and prioritize metabolic pathways towards products for the 
acute phase of the disease. However, an exaggerated response on the part of the 
patient is associated with dysfunction and organ damage and systemic alterations 
and, therefore, the understanding and modulation of the metabolic response of our 
patients is a fundamental point to achieve adequate therapies and the best results of 
the interventions.

In 1992, Moore [28] showed that trauma patients had a significant reduction in 
the incidence of infections if they received EN instead of TPN. Multiple investiga-
tions confirmed these results and convinced the scientific community of the advan-
tages of NE. In addition, there was a greater understanding of the mechanisms of 
this improvement: (a) maintaining the structure of the intestinal barrier, (b) modu-
lating the metabolic response to injury and trauma, and (c) adequately stimulat-
ing GALT.

Although the maintenance of the structure of the intestinal barrier was the key to 
prevent bacterial translocation, it was later understood that the response of the intes-
tinal lymphoid tissue had to be preserved intact, since it acts as a regulator of the 
general immunity of the organism. Thus, the intensity of the systemic inflammatory 
response is directly related to intestinal integrity, which is better preserved by using 
EN from very early on.

Recently, the Kudsk studies have shown better clinical results in critically ill 
patients (trauma and major abdominal surgery) using early EN [29, 30]. Experimental 
studies have also shown that the main mechanism of action is through stimulation 
of the intestinal lymphoid system and its role in the systemic inflammatory response 
[31, 32].

In recent years, numerous studies have been published comparing early EN 
supplemented with specific nutrients versus conventional EN or PN in different 
critical patient populations, including trauma, cancer, acute pancreatitis, and 
major burns. They have confirmed the advantage of using early EN with a lower 
rate of infection, intestinal fistulas, days in intensive care, days in the hospital 
and care costs [33, 34]. It is clear that the analysis of the current state of the evi-
dence allows us to affirm that nutritional care must be an integral part of the care 
of all critically ill patients and that nutritional intervention must be early and 
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Fig. 15.4  Suggested effects of modulators such as fish oil in a hypothetical-didactic model of 
metabolic/inflammatory response. Dotted line: baseline response; continuous line: response with 
action of fish oil. Ugarte, S., Laca, M., Matos, A., & Sánchez, V. (2017). Fundamentos de Terapia 
Nutricional en Cuidados Críticos-FTNCC. Bogotá-Colombia: Grupo Distribuna. (With the per-
mission from Panamerican Nutrition Group)

adequate for each patient and involve the use of specific nutrients to achieve the 
best results by modulating the metabolic response to stress. In recent years, 
emphasis has been intensified on incorporating enriched enteral feeding that can 
help regulate the metabolic response (Fig. 15.4). Of all these new studies, it is 
worth mentioning two written by Pontes Arruda [35, 36] who have shown that 
early EN enriched with omega 3 fatty acids (fish oils) reduces mortality in septic 
patients by half.

No medical intervention has had such an impact on critically ill patients.

�Immunonutrition

The different immunomodulatory nutrients are divided into the following categories:

	(a)	 Immune system stimulators: arginine, iron, glutamine.
	(b)	 Promoters of the integrity of the gastrointestinal tract (GIT): glutamine, probi-

otics, prebiotics.
	(c)	 anti-inflammatories: eicosapentaenoic acids (EPA), gamma-linolenic 

acid (GLA).
	(d)	 Antioxidants: vitamin E, A, C, selenium, and taurine. The composition of these 

diets must be appropriate according to the specific pathology of the patient, 
considering its pathophysiology.
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�Omega-3 Fatty Acids

w-3 fatty acids are incorporated into phospholipids in the cell wall and are a sub-
strate for cyclooxygenases, lipoxygenases, and cytochrome P450. They influence 
the production of prostaglandins, thromboxanes, leukotrienes, and lipoxins and can 
reduce platelet aggregation and the production of proinflammatory cytokines.

They would attenuate lipid peroxidation in septic patients, improving the evolu-
tion of acute respiratory distress syndrome (ARDS) with increased survival and 
decreased stay in the intensive care unit (ICU) [36]. A meta-analysis of three studies 
in patients with acute lung injury (ALI) and/or ARDS on mechanical ventilation for 
28 days showed a decreased risk of death (p = 0.05), time on assisted mechanical 
ventilation (D < 0, 05), ICU stay (p < 0.05) and risk of organ failure (p < 0.05). 
Currently, the evidence in its favor is grade A in postoperative head and neck, burn 
and polytraumatized patients, and grade B in patients on mechanical ventilation.

�Glutamine

Glutamine is one of the 20 amino acids involved in protein formation. It is a non-
essential amino acid, abundant in skeletal muscle that becomes conditionally essen-
tial in states of its deficiency (polytrauma, major burns, among others). Having 2 
nitrogen atoms, it would act as a nitrogen donor in multiple enzymatic processes, 
thus being considered as an energy source to regulate the body’s REDOX system.

It acts in different biochemical processes:

It participates as a primordial substrate in hepatic gluconeogenesis as well as being 
part of the urea cycle.

The generation of ammonium allows the synthesis of other amino acids, such as 
alanine and aspartate, through transamination reactions in the muscle, intestine, 
and liver.

Glutamate deamination generates reduced nicotinamide -adenine-dinucleotide-
phosphate (NADPH), which is involved in glutathione regeneration.

Along with alanine, it is the nitrogen transporter to the kidney.

Plasma glutamine concentration decreases after surgery, sepsis, major trauma, or 
severe burn. This decrease in plasma levels has been correlated with an increase in 
mortality [37]. Glutamine is a basic energy substrate for lymphocytes and macro-
phages and is a precursor to nucleotides. Phagocytic activity increases in a dose-
dependent manner upon glutamine administration and enhances apoptosis. This 
dose-dependent effect also appears when heat shock protein (HSP) expression is 
measured.

Glutamine has similar activity in the intestinal mucosa and associated lymphoid 
tissue (Fig. 15.5). Experimental studies have shown that low glutamine levels are 
associated with increased intestinal permeability and impaired the microscopic 
structure of the mucosa and with an increase in bacterial translocation.
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Fig. 15.5  Tissue interrelationships in glutamine metabolism. Ugarte, S., Laca, M., Matos, A., & 
Sánchez, V. (2017). Fundamentos de Terapia Nutricional en Cuidados Críticos-FTNCC. Bogotá-
Colombia: Grupo Distribuna (With the permission from Panamerican Nutrition Group)

The metabolic response to stress, particularly severe infection, can lead to dis-
ruption of glutamine homeostasis (Fig. 15.5). This is favored by the existence of a 
previous poor nutritional status and the use of corticosteroids; also by the fast to 
which the critical patient is subjected. Glutamine is one of the glutathione precur-
sors found in high concentrations in mammalian cells and is the most important 
endogenous oxygen free radical scavenger known powerful. Glutamine depletion is 
associated with a decrease in intracellular glutathione levels, the replacement of 
which is achieved by providing exogenous glutamine.

Glutamine administration can improve the ability to chelate free oxygen radicals 
and even inhibit the expression of inducible nitric oxide synthetase (iNOS), although 
experimental studies have revealed contradictory data [38].

Glutamine administration has also been associated with better insulin-mediated 
glycemic control. Glutamines are the primary substrate for gluconeogenesis in the 
liver, intestine, and kidney. Glutamine administration appears to improve insulin 
sensitivity and suppress gluconeogenesis. Intestinal. These findings are limited at 
the moment and do not allow to determine the real efficacy of glutamine on insulin 
resistance.

Evidence Contour  Some specific situations of Artificial Nutrition have been found 
with suboptimal evidence or with differences in the consensus of the experts. That 
is why those topics that generate misinterpretation and therefore the application to 
the clinic in a heterogeneous way are exemplified below.
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	 1.	 Suboptimal Nutrition—In a large observational study conducted in 167 ICUs, 
Alberda et al. [39] demonstrated a strong association between the reduced pro-
vision of energy and protein and worse outcomes. Weijs et  al. [40] demon-
strated that optimal nutritional therapy (calories and protein) in mechanically 
ventilated critically ill patients was associated with a 50% decrease in 28-day 
mortality.

The energy deficit accumulated by underfeeding patients during their ICU 
stay has been shown to be an important factor in increasing the risk of adverse 
outcomes [41–43].

The Society of Critical Care Medicine (SCCM) and American Society of 
Parenteral and Enteral Nutrition (ASPEN) guidelines [44], as well as the 
Canadian [45, 46] and European guidelines [47] all recommend that EN be 
initiated within 48 h in the critically ill patient who is unable to maintain voli-
tional intake. It is important to emphasize that there is no known illness or dis-
ease that has been demonstrated to benefit from starvation.

In the absence of a proven benefit of permissive underfeeding, critically ill 
patients should receive 12–30 kcal/kg/day and 0.6 g/kg/day – 1.2 g/kg/day pro-
tein [48]. The benefits of higher quantities of protein are controversial, with the 
SCCM/ASPEN guidelines recommending 1.2–2.0  g/kg/day [44]. However, 
increased provision of protein has not been demonstrated to limit muscle wast-
ing, loss of lean body mass, or improve clinical outcomes.

Catabolism is an important event to consider since the loss of up to 1 kg/day 
of muscle, therefore, considering the protein intake in the enteral diet is essen-
tial. Consider that even a reduced intake of up to 0.6 g/kg was associated with 
early weaning from mechanical ventilation and longer survival [48], but do not 
forget its increase to the target: 1.3  g/kg/day. Don’t forget to mobilize your 
patient and prevent Acquired Weakness Syndrome [19].

	 2.	 Parenteral nutrition is safe
It is now widely accepted that the GI tract is the preferred route of delivering 
nutritional support [49]. Furthermore, consensus guidelines strongly recom-
mend “enteral over parenteral nutrition” (PN) in critically ill patients [44]. The 
institution of early EN in critically ill medical and postoperative patients has 
been demonstrated to improve outcome [50].

The adverse sequela associated with PN results from the “double hit” of not 
directly feeding the bowel, as well as the metabolic, immunologic, endocrine, 
and infective complications associated with infusing a solution with a high glu-
cose concentration and fat globules into a patient’s systemic venous system 
[51]. PN bypasses the gut and liver. EN stimulates the release of a wide variety 
of enterohormones that play a crucial role in regulating gut function and meta-
bolic pathways.

Lack of enteral feeding results in GI mucosal atrophy, bacterial overgrowth, 
increased intestinal permeability, and translocation of bacteria and/or bacterial 
products. In a large cohort of critically ill patients, Grau et al. [52] demonstrated 
that PN was strongly associated with the development of liver dysfunction, 
whereas early EN was protective. EN has a major effect on the gut-associated 

V. M. S. Nava and C. M. G. Ponce



159

lymphoid tissue (GALT), which is the source of most mucosal immunity in 
humans. PN results in rapid and severe atrophy of this tissue.

Heyland et  al. [53] performed a metaanalysis of PN (compared with no 
nutritional support) in critically ill patients. These authors demonstrated that 
PN almost doubled the risk of dying (relative risk [RR], 1.78; 95% CI, 
1.11–2.85). The SCCM/ASPEN guidelines state that “Enteral nutrition is the 
preferred route of feeding over parenteral nutrition (PN) for the critically ill 
patient who requires nutrition support therapy (Grade: B)” and that “if early EN 
is not feasible or available the first 7 days following admission to the ICU, no 
nutrition support therapy should be provided” However, if there is evidence of 
protein-calorie malnutrition at admission and all attempts at providing EN fail, 
the guidelines suggest that “it is appropriate to initiate PN as soon as possible 
following admission and adequate resuscitation” [44].

	 3.	 Enteral nutrition contraindicated with vasopressors—Many critically ill 
patients are hemodynamically unstable require vasopressors/inotropes to main-
tain adequate blood pressure and cardiac output. Vasopressors improve hemo-
dynamics by shunting blood from the gut and other peripheral organs (i.e., bone 
marrow, skin, and kidneys) to the central circulation. These “nonessential” 
organs are more sensitive to vasoconstriction than are central “essential” organs 
(i.e., heart and brain). Thus, the effect of vasoconstrictor medications and hypo-
tension is a decrease in gut blood flow. It has, therefore, been postulated that 
because these patients have limited oxygen delivery and that by increasing GI 
oxygen demand with enteral feeding, intestinal ischemia will develop. However, 
these propositions are based on evidence from animal models where the mesen-
teric artery was occluded and in patients with atherosclerotic occlusion of the 
mesenteric arteries [54]. Based on this information, many clinicians believe that 
EN will cause bowel ischemia and is contraindicated in patients receiving pres-
sors. Anecdotal cases report of mesenteric ischemia in trauma patients receiv-
ing vasopressor agents are often cited to support this belief [55]. However, this 
theory is incorrect. Indeed, both experimental and clinical studies demonstrate 
that EN increases gut blood flow and protects against bowel ischemia. In the 
experimental and clinical setting, enteral infusion of nutrients prevents adverse 
structural and functional alterations of the gut barrier, increases epithelial pro-
liferation, maintains mucosal integrity, decreases gut permeability, improves 
gut blood flow, and improves local and systemic immune responsiveness. These 
effects are mediated via both direct and indirect (i.e., hormonal, and neuronal) 
effects [56]

The benefits of early EN in critically ill patients treated with vasopressors 
are supported by a multicenter study, which demonstrated a lower hospital mor-
tality in patients fed within 48 h (34% vs 44%, p < 0.001) [57].

	 4.	 Continuous or intermittent infusion?
Although there is no evidence that places one superiority over the other, in 
meta-analyses benefits have been discovered in continuous administration [58] 
such as greater tolerance to feeding and less risk of aspiration [58]. The admin-
istration of enteral formula without interruption for 24 h is associated with a 
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greater caloric debt when the infusion is interrupted throughout the day for vari-
ous reasons (administration of enteral drugs, mobilization for studies), propos-
ing the infusion at 20  h [59]. Therefore, it has been suggested to adjust the 
infusion based on total volume, modifying the infusion rate according to the 
volume remaining for the day. The use of intermittent infusion has been pro-
posed as a more physiological measure which could have the benefit of promot-
ing protein synthesis [60, 61] (avoiding the “full muscle” effect), this has not 
been clearly demonstrated, although current evidence indicates that said infu-
sion has a benefit in achieving nutritional goals [62, 63]. The measurement of 
gastric residue has not been routinely recommended since it could generate a 
decrease in nutritional intake without achieving greater benefit in risk reduction 
[64–66].

	 5.	 Enteral nutrition contraindicated with high volumes of gastric residue
Many clinicians monitor gastric residual volumes (GRV). The presumption is 
that GRV measurements are accurate and useful markers for the risk of aspira-
tion and pneumonia. Enteral feeding is then interrupted when the GRV exceeds 
150 mL. There is, however, no data to support this practice. High GRVs (i.e., 
>400 mL) do not necessarily predict aspiration, and low GRVs (i.e., <100 mL) 
are no guarantee that aspiration will not occur. Interrupting EN when the GRV 
exceeds 100–200 mL has not been shown to decrease the prevalence of aspira-
tion. McClave et  al. [67] randomized critically ill ventilated patients to two 
management strategies using a GRV more than 200  mL or GRV more than 
400 mL for interrupting gastric feeding. In this study, the prevalence of aspira-
tion was similar between groups. Similarly in a prospective multicenter study, 
Montejo et al. [68] randomized patients to a control group (GVR > 200 mL) or 
an intervention group in which tube feeds were held when the GRV exceeds 
500  mL.  In this study, there was no difference in the risk of pneumonia, 
ventilator-free days, organ failure, or mortality between groups. More recently, 
Reignier et al. [65] randomized mechanically ventilated patients to a group in 
which the GVR was not monitored and a group in whom tube feeds were held 
when the GRV exceeded 250 mL. These investigators demonstrated no differ-
ence in the risk of pneumonia between groups; however, the proportion of 
patients receiving their caloric goal was higher in the no-GRV group. It should, 
however, be noted that in this study, patients with abdominal surgery within the 
past month; a history of esophageal, duodenal, pancreatic, or gastric surgery; a 
history of GI bleeding; and contraindications to prokinetic agents were 
excluded. These data suggest that there is poor relationship between GVR and 
the risk of aspiration. Monitoring GVR may not be necessary in patients at low 
risk for aspiration and may only serve to reduce the amount of nutrition 
provided.

	 6.	 Post-pyloric feeding and risk of aspiration
As an extension of the myth that the GRV is associated with the risk of aspira-
tion pneumonia, many clinicians believe that all critically ill patients should 
receive postpyloric feeding. Cleary, there are some critically ill patients who 
have impaired gastric motility (especially patients with diabetes) who cannot 
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tolerate early gastric feeds in whom EN is tolerated if delivered beyond the 
pylorus [69]. However, there is little consensus regarding the issue as to whether 
the routine use of postpyloric feeding decreases the risk of aspiration pneumo-
nia. We performed a metanalysis comparing the risk of pneumonia in patients 
fed gastrically versus postpylorically [70]. In this meta-analysis, the risk of 
pneumonia was unrelated to the route of feeding. Ho et al. [71] reported similar 
findings. However, a meta-analysis by Alhazzani et  al. [57] demonstrated a 
small reduction in the risk of pneumonia with small bowel feeding without 
affecting mortality, ICU length of stay, or duration of mechanical ventilation. 
We suggest placement of an orogastric tube and early (within 12  h of ICU 
admission) initiation of EN in all mechanically ventilated patients. In those 
patients who demonstrate intolerance to gastric feeding (abdominal distension, 
regurgitation), we suggest the use of prokinetic agents [72, 73]. Should this 
approach fail, we would then place a postpyloric feeding tube. In patients with 
known gastric dysmotility and those who are nursed supine (e.g., extracorpo-
real membrane oxygenation patients), we would suggest early placement of a 
postpyloric feeding tube.

	 7.	 Enteral nutrition contraindicated in a patient without bowel sounds or 
paralytic ileus—In 1905, Cannon [74] was the first clinician to formally sug-
gest a relationship between abdominal auscultation and bowel function. 
Remarkably, abdominal auscultation has become part of the standard physical 
examination of patients, and yet, no studies have validated the value of this 
maneuver. Historically, ICU nurses have been trained to auscultate each of the 
four abdominal quadrants for the presence of bowel sounds, with the presence 
of bowel sounds indicating that it is safe to feed patients. Similarly, the return 
of bowel sounds after abdominal surgery has been regarded as an indicator of 
the resolution of postoperative ileus and an indicator that it is safe to commence 
EN. However, the absence of bowel sounds does not mean that the bowel is not 
working. Bowel sounds result from air moving through the small intestine. The 
presence of bowel sounds requires swallowing of air and gastric emptying. 
Many seriously ill patients have little movement of air from the stomach to the 
small intestine and therefore have decreased bowel sounds. The absence of 
bowel sounds after operation seems to result from “the emptiness of the gut.” 
When fluid and air is injected into the duodenum, sounds can be heard immedi-
ately [75].

Waldhausen et  al. [76] measured GI myoelectric and clinical patterns of 
recovery after laparotomy. Small bowel myoelectric activity returned 
immediately after surgery, whereas it took on average 2.4 days for the return of 
bowel sounds and 5 days for the passage of flatus. These authors were unable to 
find any correlation between bowel myoelectric activity and bowel sounds. 
These data suggest that ausculting for bowel sound has limited clinical utility 
and should not be used to guide the initiation of EN. Indeed, multiple clinical 
trial have shown improved outcome with the early initiation of tube feeds fol-
lowing abdominal surgery in spite of the absence of bowel sounds or the pas-
sage of flatus. Current guidelines recommend that “in the ICU patient population, 
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neither the presence nor the absence of bowel sounds nor evidence of the pas-
sage of flatus or stool is required for the initiation of enteral feeding” [44].

	 8.	 EN contraindicated in post-operative intestinal surgery patients
Classic surgical teaching suggests that due to reflex inhibition, the alimentary 
tract becomes inactive after abdominal surgery [75]. The period of inactivity or 
postoperative ileus is thought to last for 3–5 days during which time the patient 
is tided over by gastric aspiration and parenteral fluids [75]. It has been assumed 
that the postoperative ileus precludes enteral feeding. Furthermore, it has been 
suggested that bowel distention following enteral feeding would disrupt the 
anastomoses. Consequently, EN is frequently withheld from postoperative 
abdominal surgery patients, particularly those with fresh GI tract anastomoses. 
This approach is detrimental to patients and without scientific evidence. Motility 
studies demonstrate return of small bowel peristalsis within hours after lapa-
rotomy providing support for early postoperative EN [76, 77]. Over 30 years 
ago, Moss [78] demonstrated the benefits of immediate EN following laparot-
omy and colorectal excision. In this study, a full-strength elemental diet was 
delivered into the duodenum immediately postoperatively. Using radiolabeled 
albumin, he demonstrated that 94% ± 4% of the albumin was absorbed with 
achievement of a positive protein balance by 5 h postoperatively. The GI tract 
produces approximately 6 L of fluid per day, and it is illogical to propose that 
an additional liter or so of tube feeds will cause excessive distention of the 
bowel with anastomotic dehiscence. Furthermore, wound healing is critically 
dependent on an adequate supply of protein; starvation with protein catabolism 
is likely to increase the risk of wound dehisce. In an animal model, Moss et al. 
[79] demonstrated that early enteral feeding doubled the bursting pressure of 
the colorectal anastomosis, with the anastomoses containing significantly 
higher concentration of collagen and collagen precursors than those of the 
unfed controls. Multiple experimental studies have demonstrated that early EN 
following bowel surgery is associated with improved wound healing, greater 
wound strength, and higher wound hydroxyproline and collagen accumulation 
[80–85]. This may explain the lower risk of anatomic leaks and fistulas in bowel 
surgery patients who receive early enteral as opposed to delayed feeding or 
PN [86].

The experimental data demonstrating the benefit of early EN are supported 
by many studies which have demonstrated the safety and improved outcomes 
associated with early EN in patients who have undergone both small and large 
bowel surgery.

Concern has been raised that early enteral feeding may cause bowel isch-
emia following abdominal surgery [44]. This is a very rare complication that 
was reported predominantly between 1986 and 2000 with isolated cases 
reported subsequently [87–92]. Most of these patients had sustained traumatic 
injuries, and almost all had undergone a laparotomy with surgical placement of 
a jejunostomy tube. Small bowel necrosis is very rare in postoperative patients 
who are initiated on early enteral feeding. Nevertheless, enteral feeding should 
be advanced slowly in patients at risk (severe abdominal trauma, large burns), 
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and they should be discontinued in patients who developed abdominal com-
plaints, such as pain, distention, and vomiting, until the status of bowel integrity 
can be evaluated. A semielemental formula may be advantageous in these 
patients.

	 9.	 EN contraindicated in patients with open abdomen
Decompressive celiotomy has reduced the mortality of patients with abdominal 
compartment syndrome [93]. The management of these patients is challenging 
with the approach to the route and timing of nutritional support being contro-
versial. Many patients are kept “nil per os” or receive PN on the assumption that 
these patients cannot be fed enterally due to bowel wall edema and bowel dys-
function. However, clinical studies have demonstrated that early EN is feasible 
in patients with an open abdomen and that this approach is associated with 
improved outcomes [94–96]. Collier et al. [95] demonstrated that early enteral 
feeding (within 4 day of celiotomy) was associated with earlier closure of the 
abdominal cavity and less fistula formation when compared with the delayed 
initiation of EN.

	10.	 EN contraindicated in patients with pancreatitis
In patients with acute severe pancreatitis, classic teaching suggested that “total 
parenteral nutrition should be initiated promptly and should judiciously replace 
nutrient deficits and provide the extra energy imposed on the patient by the 
inflammatory process” [97]. It was claimed that this approach was essential to 
“rest the pancreas” and that PN reduced mortality [98]. EN was considered an 
absolute contraindication as it would stimulate the pancreas and worsen pancre-
atic inflammation. Randomized clinical trials comparing EN versus PN in 
patients with moderate and severe pancreatitis have, however, proven these rec-
ommendations to be wrong. Meta-analyses have demonstrated that EN as com-
pared with PN reduces infectious complications (particularly pancreatic 
abscesses), organ failure, length of hospital stay, and mortality [99, 100]. 
Nutritional support should be viewed as an active therapeutic intervention that 
improves the outcome of patients with acute pancreatitis. EN should begin 
within 24 h after admission and following the initial period of volume resuscita-
tion and control of nausea and pain. Patients with mild acute pancreatitis should 
be started on a low-fat oral diet. In patients with severe acute pancreatitis, EN 
may be provided by the gastric or jejunal route [99].

	11.	 Patients should be fed in a 45° position
In an article published in 1999, Drakulovic et al. [101] demonstrated a lower 
frequency of clinically suspected ventilator associated pneumonia (VAP) in 39 
intubated patients randomized to the semirecumbent (45°) as opposed to the 
supine body position (47 patients). In this study, the risk of pneumonia was 
highest for patients receiving EN in the supine body position. Based on this 
small single center study, it became standard of care to nurse all ICU patients in 
a semirecumbent 45° position particularly when receiving tube feeds. Indeed, 
the Centers for Disease Control and Prevention [102], the Agency for Healthcare 
Research and Quality [103], and the Institute for Healthcare Improvement [104] 
suggest elevating the head of the bed to 45° above horizontal to reduce gastro-
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esophageal reflux and the prevalence of nosocomial pneumonia. The results of 
the study by Drakulovic et al. [101] have, however, not been reproduced. Van 
Nieuwenhoven et al. [105] randomized 112 intubated patients to the semire-
cumbent position with a target backrest elevation of 45° and 109 patients to a 
supine position with a backrest elevation of 10°. Average elevations were 9.8° 
and 16.1° at day 1 and day 7, respectively, for the supine group and 28.1° and 
22.6° at day 1 and day 7, respectively, for the semirecumbent group. The target 
semirecumbent position of 45° was not achieved for 85% of the study time, and 
these patients more frequently changed position than supine-positioned patients. 
There was no difference in the risk VAP or any other outcome variable between 
groups. In an observational study of 66 ventilated patients, Grap et al. [106] 
reported a mean backrest elevation of 21.7° with no association between back-
rest elevation and the Clinical Pulmonary Infection Score. Rose et  al. [107] 
performed 2112 backrest elevation measurements in 371 patients in 32 ICUs. 
Backrest elevation more than or equal to 45° was recorded in 5.3% of instances 
and elevation of between 30° and 45° in 22.3% of instances [107]. In this study, 
the mean backrest elevation was 23.8°. These studies suggest that nursing a 
patient semirecumbent at 45° is not feasible and attempts to do so may not 
reduce the risk of VAP. When the head of the bed is inclined at 45°, the patient 
often slides down; most of the weight of the upper body is applied on the sacral 
area, and this position becomes uncomfortable for the patient. Furthermore, 
experimental models suggest that the semirecumbent position may enhance the 
flow of mucous into the lungs with an increased risk of bacterial colonization 
and pneumonia [98]. Although maintaining a patient supine (0°) probably 
increases the risk of pneumonia, there is no strong evidence that elevation of the 
head of the bed between 10° and 30° is associated with a greater risk of pneu-
monia than a semirecumbent 45° position.

	12.	 What do we know about indirect calorimetry?
It is the measurement of O2 consumption (VO2) and CO2 production represent-
ing energy metabolism in real time. Its use in connection with the use of equa-
tions that calculate energy demand shows that it can prevent underfeeding and 
overfeeding. In addition, a meta-analysis has shown a reduction in mortality at 
28 days using indirect calorimetry with isocaloric nutrition. Despite these ben-
efits, its cost and investment in devices, consumables, calibration gas and ser-
vice make it a method that is not very reproducible in our hospital units [108].

The ESPEN recommendation [19], the use of 25 kcal/kg has good accuracy 
for the use of nutrition; consider that the start of the enteral diet of the critically 
ill patient should not be delayed for more than 24–48 h, as well as the examina-
tion of eating habits prior to admission. Many patients have fasted for more than 
24 h prior to hospital admission, or failing that, their nutritional assessment may 
show a certain degree of malnutrition. Therefore, it is recommended to use diets 
of ≈500 kcal/day or 10 kcal/kg and gradually increase the caloric intake up to a 
maximum of 25 kcal/day in a period of 3–7 days, considering the production of 
endogenous energy that it reaches up to 500–1400 kcal/day [109] and avoids 
overfeeding syndrome.
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	13.	 Liquefied, handmade or polymeric?
The use of terminology in the hospital setting is often heterogeneous, but 
blended and traditional diets share the same concept: preparation of mixed 
foods (liquefied) poured into a bag for administration to critical patients who do 
not have the orally available, they are prepared in order to administer them by 
naso or orogastric, naso-jejunal or gastrostomy tubes [110]. Ideally it is recom-
mended to use a software [111] for the calculation of portions, consider con-
tacting your Nutrition and Diet service to determine how they perform the 
calculation.

On the other hand, the polymeric diet in its standard isocaloric formulation 
1 kcal/mL provides the micronutrients in their intact form in quantities very 
similar to that of a conventional diet. Consider that, for their administration, 
they require a normal production of pancreatic enzymes for their digestion and 
absorption.

	14.	 Hyperglycemia in enteral feeding?
It is a common alteration, often associated with systemic inflammatory 
response/trauma or the use of corticosteroids, but the great association between 
nutrition and excess caloric intake is often the main alteration. Provide manage-
ment of hyperglycemia and treat the cause [111]; monitor glucose closely. 
Avoid the use of hydrolyzed formulas due to their high carbohydrate con-
tent [112].

Not only the medications that we administer as corticosteroids can increase 
hyperglycemia levels, but if you do not consider the infusions in your patient 
from Propofol, dextrose solutions or administration of citrate, they can condi-
tion contributions of up to ≈400 kcal due to the use of Propofol. Consider that 
the 1 ml Propofol emulsion provides 1.1 kcal. So, count your intake and adjust 
the enteral diet to meet your nutritional goal [113].

	15.	 What is refeeding syndrome?
It is the full manifestation in patients who undergo prolonged fasting, due to 
medical indication or course of critical illness and the abrupt onset with admin-
istration of the total nutritional requirements, which presents with hydroelectro-
lytic alterations secondary to the abrupt increase in insulin levels, as well as 
metabolic after the resumption of feeding. It usually occurs within 2–5 days of 
feeding [114]. Clinical detections in critical patients are a challenge because in 
this population the alterations observed can be multifactorial and not only due 
to the refeeding syndrome, such as rhabdomyolysis, arrhythmias, edema, con-
fusion or encephalopathy. It is recommended to detect those patients at high 
risk and start the administration of thiamine (200–300 mg/day for 3–10 days), 
as well as the gradual increase in calories with monitoring of serum electro-
lytes, the presence of hypophosphatemia being an indicator of said syndrome. 
Consider the cut-off value for hypophosphatemia of relevance as the decrease 
greater than 0.5  mg/dL, achieving optimization of serum levels <2.0  mg/dL 
within the first 72 h of starting feeding [115].
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Chapter 16
Energy Balance and Nutrition in High 
Altitude

Prakash Deb, Prithwis Bhattacharyya, and Debasis Pradhan

�Case Presentation

A multinational expedition team of ten members are climbing and planning to camp 
at a height of 5000 (m) metres on Mount Kilimanjaro (5895 m). Total duration of 
this adventure trip is 3 weeks. At the end of tenth days, the ration in-charge raises 
concern regarding unused rations which were meant to be finished 3 days earlier. 
Then, the team physio realised a decrease in the body weight among seven of them 
and per person there was a loss of around 4 kilogram (kg). Then, the team plans to 
increase the dietary intake to avoid further weight loss which may compromise the 
expedition outcome.
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�What Are the Effects of High Altitude (HA) on Energy Balance?

If the nutrition aspect is not addressed during a HA expedition, then one can have 
negative energy balance, negative nitrogen balance, weight loss, loss of fat free 
mass (includes muscle) and fat.

�What Physiological Changes Might Be Responsible for Such 
Altitude Effects on Nutrition?

HA increases basal metabolic rate (BMR), resting energy expenditure (REE), 
decreases maximum oxygen consumption capacity (VO2 max). At the same time, it 
reduces appetite, substrate utilisation, and alters dietary composition. All these 
changes lead to weight loss and loss of both fat and fat free mass (FFM) (FFM 
shares a major portion).

�What Dietary Modifications Possibly May Impede or Minimise 
Such HA Impact on Energy Balance?

Successful increase in dietary intake to support the basal requirement by providing 
special high caloric, nutrient dense, branched chain amino acids (Leucine) rich, bal-
anced (Protein 0.8 g/kg for sedentary and 1.2–1.5 g/kg for strenuous activities, com-
plex carbohydrates and fat providing 60% and 25–28% of total energy requirement) 
and palatable product. Fluid intake should be sufficient to cover insensible water 
loss and diuresis (usually amounts to 4 litres a day).

�Introduction

Exposure to High altitude (HA) poses multiple challenges for the mountaineer like 
low barometric pressure, low oxygen concentration, extreme cold, radiation, sleep 
irregularities, acute mountain sickness in addition to the fluid and calorie imbal-
ance, the severity of which varies with the rate of ascent, altitude climbed, fluid and 
energy intake, physical built and degree of physical activity.

When climbing high altitude or doing physical activities, daily energy require-
ments are not achieved and finally ends up with weight loss which includes both fat 
and fat free mass [1]. So, exposure to high altitude causes decrease in body mass 
leading to loss of around 5 kilogram during a normal civilian expedition. Causes of 
negative energy balance include decreased input, increased energy output and 
altered homeostasis. Interventions which may prevent or slow down such changes 
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include but not limited to, increased dietary intake with appropriate composition 
and palatability, supplementation with branched chain amino acid such as leucine 
and antioxidants, appropriate acclimatization and proper hydration.

�Impact of High Altitude on Metabolism and Weight

The impact of high altitude on metabolic processes is evident from the weight loss, 
which is almost inevitable and can reach up to 15% depending upon multiple factors 
[2]. The fundamental reason being an imbalance between energy, fluid intake and 
expenditure. The intake may reduce due to anorexia, inadequate supply and the 
palatability of food [3].

Anorexia can be a part of acute Mountain sickness or may occur alone. Food 
intake can drop by 25–50% at high altitude. Increased rate of ventilation, exposure 
to dry, cold air and cold induced diuresis lead to negative fluid balance and add to 
the weight loss. There is a reduced digestive capacity, motility and enzyme secretion 
in hypoxic conditions of high altitude, which in addition to the anorexia and malab-
sorption lead to extreme reduction of energy intake and weight loss [4].

�Decreased Energy Intake

Leptin is released from the adipose tissue and enterocytes of the small intestine and 
by acting on hypothalamus plays a major role in appetite regulation, alters body 
metabolism and energy homeostasis. Acute short-term high-altitude exposure 
increases the level of hypoxia inducible factor 1 (HIF 1) which in turn stimulates 
production of leptin. Blood leptin level increases during the first two weeks of 
climbing and correlates with the duration of high-altitude exposure and contributes 
to anorexia [5, 6]. Study of isolated human adipocytes has shown time dose-response 
curve between leptin and GLUT1. HIF 1 is responsible for up and downregulation 
of GLUT1 leading to reduced and increased appetite for fat contributing towards 
loss and gain of weight at high altitude. Ghrelin, produced by the enteroendocrine 
cells of the intestine, is responsible for maintenance of hunger. Its level decreases 
following acute exposure to high altitude hypoxia contributing to anorexia [7]. At 
high altitude, early satiety and decreased hunger is attributed to the alteration in 
leptin-ghrelin balance secondary to hypoxia.

�Increased Energy Expenditure

At high altitude, there is increased energy requirement in healthy individuals which 
is more than two times that of sea level individuals at rest. Inadequate energy intake 
along-with an increase in expenditure leads to rapid weight loss. With increasing 
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hypoxia associated with high altitude, there is a sympathetic stimulation and an 
increase in BMR by 30% which may not come down easily even after weeks of 
acclimatization.

Decrease in VO2 max at high altitude partially explains the increase in exercise 
effort for the same physical activity. With 10% fall in VO2 max for every 1000 m 
increase in altitude above 2000 m, equivalent work will require a greater propor-
tion of available maximal effort at HA and VO2 max falls. Even a low-level activ-
ity can become a high intensity activity, increasing metabolic demands, at high 
altitude [8].

�Digestive Function at High Altitude

Food digestion and assimilation is very effective in a healthy person at sea level and 
only 4–7% of energy is lost in the faeces [9]. Hypoxia has been linked to malabsorp-
tion both at the sea level and high altitude. There is no definite evidence of malab-
sorption at high altitude causing energy deficit, weight loss and negative protein 
balance, however it has been hypothesized by some that a decrease in splanchnic 
circulation secondary to hypobaric hypoxia leads to enterocyte malfunction and 
altered absorption [7, 10, 11].

�The Energy Gap at High Altitude

The energy gap (difference between intake and expenditure) at high altitude is one 
of the common reasons behind the alteration in body composition and weight loss. 
Daily energy expenditure in the range of 3250–7871 kcal per day has been reported 
during Mt. Everest expedition which is significantly higher than sea-level expendi-
ture. Factors other than physical activity which determine the energy expenditure 
include but are not limited to diet-induced thermogenesis, body size (which influ-
ences BMR) and genetic make-up [12–14].

Energy deficit at high altitude mimics chronic starvation. On an average, 480 kcal 
per day of calorie deficit has been calculated which results in a weekly weight loss 
of ~0.5 kg which is also dependant on many other factors like duration of stay at 
high altitude, rate of ascent and ultimate altitude achieved. It is necessary to correct 
the energy gap in the form of increased intake or reducing physical activity, later 
would be unavoidable in most of the circumstances. Attempts should be made to 
improve intake by providing food of individual choice, increasing palatability along 
with proper motivation and education about the beneficial effects of increased 
intake. Even with all the necessary measures the energy gap is never mitigated com-
pletely [15–17].
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�Macronutrients at High Altitude

�Protein Intake

Relative calorie deficit results in weight loss, of which loss of muscle mass is the 
major concern which reduces physical endurance, aerobic capacity, induces fatigue, 
depresses immune system, increases vulnerability to infection and other illnesses. 
There is a decrease in fluid, fat, Fat free Mass (FFM) or lean body mass in case of 
negative energy balance at high altitude. Hypoxia in a calorie deficit individual 
causes more loss of FFM compared to a normoxic condition in addition to other 
influencing factors like age, gender or physical fitness.

Numerous studies have been done to measure the changes in body composition 
using some of the available tools like dual-energy x-ray absorptiometry (DXA), 
ultrasound guided skinfold measurement, bioelectrical impedance analysis (BIA), 
hydrostatic weighing. They reported a large loss of FFM (60–70%) compared to fat 
mass at high altitude though there are differences in methods of measurement, alti-
tude achieved, age, gender and the duration of stay at high altitude [14, 18–24].

Skeletal muscle mass constitutes more than 55% of FFM and the muscle protein 
synthesis is greatly influenced by hypoxia which is a dominant force at high alti-
tude. Muscle protein synthesis is centred around rapamycin pathway (mTOR) 
which is downregulated under hypoxic conditions at high altitude contrary to that at 
sea level.

Increased muscle proteolysis and reduced synthesis in response to hypobaric 
hypoxia at high altitude suggests that replacing nutrition alone may not prevent mus-
cle wasting however an energy-protein deficient state can magnify the complication. 
Low calorie intake in addition to hypoxia increased REDD1 gene expression which 
would lead mTOR downregulation and reduced Muscle protein synthesis [25].

Adequate protein intake is protective along with diet rich in carbohydrate how-
ever increased protein intake may be even harmful considering its action on satiety 
promoting anorexia and more oxygen requirement for utilisation. Branched chain 
amino acids like leucine can stimulate muscle protein synthesis by stimulating 
mTOR pathway and preventing proteolysis.

So, a protein intake of 1.2–1.5 gm/kg body weight along with addition of Leucine 
should be able to prevent FFM loss if given with adequate carbohydrate, which is 
discussed in details later in this chapter.

�Carbohydrate and Fat

Glucose is the most efficient fuel consuming less oxygen per unit of energy pro-
duced than either fat or protein. In hypobaric hypoxia at HA, glucose metabolism 
helps by increasing the alveolar partial pressure of oxygen. Fat is a larger source of 
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energy when compared to carbohydrate but requires more oxygen to breakdown 
energy making it less energy efficient macronutrient at high altitude.

Let us consider Respiratory Quotient to understand the fact;
Respiratory quotient is the ratio of CO2 release and O2 consumed

	 RQ = vol CO released volO absorbed
2 2

/ 	

Under normal conditions, vol CO2 released is 200 ml/min and vol O2 absorbed is 
250 ml/min resulting in a RQ of 0.8 however the value varies with the type of mac-
ronutrients consumed. Fat has a RQ of 0.7, as it produces less CO2 for each oxygen 
utilised to break the substrate and release energy. Carbohydrate on the other hand 
has a RQ of 1, implying less oxygen consumption per unit of substrate which is very 
cost effective in the hypoxic conditions at high altitude.

Glucose being the most oxygen efficient source of energy, at sea level, exercise 
intensities above 50% of VO2 max needs more carbohydrates than lipids.

Diet modification at high altitude should consider not only the proportion of 
macronutrients but also the timing and form in which it is taken. Carbohydrate 
intake before a planned physical exertion may reduce the high-altitude symptoms 
like anorexia, improve oxygen saturation, tissue oxygenation and prevent muscle 
protein breakdown. Carbohydrate intake before exercise prevents chances of 
hypoglycaemia during exercise and adequate intake post training replenishes gly-
cogen store and help recovery of injured muscle. Before starting a physical train-
ing or exertional activity, a carbohydrate diet with high glycaemic index like 
glucose drink, sugar bar, energy drink etc. is helpful to compensate for high 
expenditure of energy during training, however normal diet with low glycaemic 
index like fruit, vegetables, bread etc. is preferable to replenish the glycogen store 
[26–29]. Carbohydrate should constitute 60% of the total energy intake at high 
altitude however it should be increase (even up to 65%) in case of higher physical 
activity.

A daily requirement of fat as 22–25% of total dietary intake is essential to 
preserve the energy store, maintain insulation, maintain cellular integrity, 
absorption of fat-soluble vitamins, providing essential fatty acids, for hormone 
synthesis and many other vital functions of the body. Diet high in fat is rather 
detrimental in hypoxic condition and may precipitate acute mountain sickness 
symptoms. If fatty diet is to be taken for some reason, it should be accompanied 
with carbohydrate so that total dependence on fat for energy generation can be 
avoided.

From the above discussions, it is clear that increased energy requirement associ-
ated with reduced uptake is the usual pattern at high altitude. So, a higher calorie 
intake than normal becomes essential especially in athletes, military trainees. 
Carbohydrates requires 8–10% of less oxygen is the main macronutrient in such 
hypoxic environment both at rest and during physical exertion making it a major 
contributor of total calorie intake at high-altitude.
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�Hydration

Dehydration at high altitude occurs when water loss from respiratory system, kid-
ney, skin etc. are not replaced adequately. Dry and cold air predisposes to loss of 
water from respiratory tract. Increased minute ventilation in response to many meta-
bolic adjustments at high altitude also increases respiratory loss of water. Cold 
induced diuresis is another protective response to hypothermia where the blood is 
shunted from periphery to vital organs including kidney for preserving the core 
temperature. The increased renal blood flow and mean arterial pressure leads to 
increased diuresis. Dehydration causes fatigue, mental confusion, decreased physi-
cal endurance, inversely related to symptoms of acute mountain sickness and 
decreased cardiovascular performance.

One practical way of assessment of dehydration status is by regularly observing 
urine osmolality and specific gravity. How much fluid is adequate is difficult to 
prescribe and rather than focussing on a fixed amount, it should be guided by the 
level of activity and the humidity. There are reports of fluid intake up to 10 L a day 
by cyclist in the mountain zone. Adequate fluid requirement may be replenished 
through fruits, vegetables, energy rich drink devoid of caffein (has diuretic prop-
erty). This would also provide essential micronutrients and anti-oxidants along 
with water.

�Replacement of Other Micronutrients

It is essential to provide essential micronutrients like copper, selenium, manganese, 
iron, zinc etc. to continue many of the vital cellular processes where they act 
co-factor.

�Iron

The role of increasing oxygen delivery to the exercising muscle by increasing red 
cell mass is important in hypoxic locations. Erythropoiesis occurs in response to 
high altitude hypoxia to improve red cell mass and oxygen carrying capacity but at 
the expense of iron reserve of the body. It is therefore essential to measure the fer-
ritin and iron level before planned high altitude expedition starts in order to replen-
ish the iron reserve weeks before the planned trip. Iron available in food may not 
alone be sufficient in some individuals with low iron stores and those involved in 
heavy physical training. So, a supplementation with 100 mg/day may be required in 
them [30].

16  Energy Balance and Nutrition in High Altitude



180

�Vitamins and Anti-Oxidants

Studies done on athletes at high-altitude have demonstrated protective role of anti-
oxidants from free radial induced injury of exercising muscle while others deny the 
same and claim that antioxidants themselves may be a source of injury [31–33].

A large number of reactive oxygen and nitrogen species (RONS) are generated 
during physical activity under hypoxic conditions at high altitude causing wide-
spread damage to the cellular structures. Superoxide dismutase, glutathione peroxi-
dase or reductase are the main endogenous scavengers which act on the reactive 
oxygen species and protects the muscle from injury and inflammation. The role of 
vitamin E, A and C are well known.

There are differences in the dose and combinations of vitamins prescribed for the 
purpose. Some considered vitamin E 400 IU/day as effective dose while others con-
sidered Vitamin C 1 gm combination with vitamin E 200 IU as superior. Rather than 
supplementing with individual antioxidants, it is a better choice to include different 
types of fruits, vegetables in diet which would provide hydration, carbohydrate 
along with beneficial antioxidants like, vitamin C, E, carotenoids, glutathione and 
phytochemicals in adequate quantity.

Vitamin D is known to have cardiovascular effect and influence on skeletal mus-
cle health by improving oxygenation and strength. Vitamin D deficiency is common 
as such in general population which is more common after long stay at mountains, 
though there is a hypothetical advantage of UV radiations promoting endogenous 
vitamin D synthesis. For a longer stay at high altitude, a daily supplementation of 
vitamin D with 4000 IU may be considered.

�Conclusion

Nutritional requirement at high altitude cannot be generalised because energy 
expenditure varies among different groups of athletes, military personals and moun-
taineers depending upon the age, gender, body mass, level of activity, altitude 
achieved, environmental conditions like temperature, humidity and genetic influ-
ences. Studies are also not sufficient on these aspects of high-altitude medicine and 
the results are not comparable because of the above differences. However, one thing 
is clear that there is an increased energy expenditure and reduced intake in high 
altitude climbers making an energy deficient state which should be considered in all 
mountaineers and replaced with increased carbohydrate intake owing to its ability 
to deliver instant energy at the cost of low oxygen consumption which is beneficial 
in hypoxic conditions of high altitude. Dehydration is also common and has to be 
taken care of especially during extreme physical activity. Vitamins, minerals and 
anti-oxidants should preferably be supplied through diet in the form of varieties of 
fruits, vegetables, legumes, cereals etc. and supplementation should be considered 
in individuals with limited baseline stores and those susceptible for deficiencies.

P. Deb et al.



181

References

1.	Westerterp KR, Kayser B.  Body mass regulation at altitude. Eur J Gastroenterol Hepatol. 
2006;18:1–3.

2.	Reynolds RD, Lickteig JA, Deuster PA, Howard MP, Conway JM, Pietersma A, de Stoppelaar 
J, Deurenberg P. Energy metabolism increases and regional body fat decreases while regional 
muscle mass is spared in humans climbing Mt. Everest. J Nutr. 1999;129:1307–14.

3.	Cymerman A. The physiology of high-altitude exposure. In: Marriot BM, Carlson SJ, editors. 
Nutritional needs in cold and in high-altitude environments: applications for military person-
nel in field operations. Washington, D.C.: National Academy Press; 1996. Ch 16.

4.	Westerterp KR. Energy and water balance at high altitude. Physiology. 2001;16(3):134–7.
5.	Netzer NC, Chytra R, Küpper T. Low intense physical exercise in normobaric hypoxia leads 

to more weight loss in obese people than low intense physical exercise in normobaric sham 
hypoxia. Sleep Breath. 2008;12:129–34.

6.	Debevec T. Hypoxia-related hormonal appetite modulation in humans during rest and exercise: 
mini review. Front Physiol. 2017;8:366.

7.	Hamad N, Travis SPL. Weight loss at high altitude: pathophysiology and practical implica-
tions. Eur J Gastroenterol Hepatol. 2006;18:5–10.

8.	Brooks GA, Butterfield GE, Wolfe RR, et al. Increased dependence on blood glucose after 
acclimatization to 4,300 m. J Appl Physiol. 1991;70:919–27.

9.	Milledge JS.  Arterial oxygen saturation and intestinal absorption of xylose. Br Med 
J. 1972;3:557–8.

10.	Westerterp KP, Meijer EP, Rubbens M, Robach P, Richalet J-P. Operation Everest III: energy 
and water balance. Eur J Appl Physiol. 2000;439:483–8.

11.	Travis SPL, Edwards JSA, Westerterp K, Menzies IS. Carbohydrate intake, hydrolysis and 
permeation at high altitude (5600m) [abstract]. Gastroenterology. 1996;110:A845.

12.	Hill NE, Stacey MJ, Woods DR. Energy at high altitude. J R Army Med Corps. 2011;157:43–8.
13.	Maggiorini M, Bühler B, Walter M, Oelz O. Prevalence of acute mountain sickness in the 

Swiss Alps. BMJ. 1990;301:853–5.
14.	Rose MS, Houston CS, Fulco CS, Coates G, Sutton JR, Cymerman A. Operation Everest. II: 

nutrition and body composition. J Appl Physiol. 1988;65:2545–51.
15.	Butterfield GE, Gates J, Fleming S, Brooks GA, Sutton JR, Reeves JT. Increased energy intake 

minimizes weight loss in men at high altitude. J Appl Physiol. 1992;72:1741–8.
16.	Roberts AC, Reeves JT, Butterfield GE, et  al. Altitude and beta-blockade augment glucose 

utilization during submaximal exercise. J Appl Physiol. 1996;80:605–15.
17.	Todd KS, Butterfield GE, Calloway DH. Nitrogen balance in men with adequate and deficient 

energy intake at three levels of work. J Nutr. 1984;114:2107–18.
18.	Westerterp KR, Kayser B, Brouns F, Herry JP, Saris WH. Energy expenditure climbing Mt. 

Everest. J Appl Physiol. 1992;73:1815–9.
19.	Westerterp KR, Kayser B, Wouters L, Le Trong JL, Richalet JP. Energy balance at high altitude 

of 6542 m. J Appl Physiol. 1994;77:862–6.
20.	Tanner DA, Stager JM. Partitioned weight loss and body composition changes during a moun-

taineering expedition: a field study. Wilderness Environ Med. 1998;9:143–52.
21.	Armellini F, Zamboni M, Robbi R, Todesco T, Bissoli L, Mino A, Angelini G, Micciolo R, 

Bosello O. The effects of high altitude trekking on body composition and resting metabolic 
rate. Horm Metab Res. 1997;29:458–61.

22.	Pulfrey SM, Jones PJ. Energy expenditure and requirement while climbing above 6000 m. J 
Appl Physiol. 1996;81:1306–11.

23.	Wing-Gaia SL, Gershenoff DC, Drummond MJ, Askew EW. Effect of leucine supplementation 
on fat free mass with prolonged hypoxic exposure during a 13-day trek to Everest Base Camp: 
a double-blind randomized study. Appl Physiol Nutr Metab. 2014;39 https://doi.org/10.1139/
apnm-2013-0319.

16  Energy Balance and Nutrition in High Altitude

https://doi.org/10.1139/apnm-2013-0319
https://doi.org/10.1139/apnm-2013-0319


182

24.	Boyer SJ, Blume FD. Weight loss and changes in body composition at high altitude. J Appl 
Physiol. 1984;57:1580–5.

25.	Favier FB, Costes F, Defour A, Bonnefoy R, Lefai E, Bauge S, Peinnequin A, Benoit H, 
Freyssenet D.  Downregulation of Akt/mammalian target of rapamycin pathway in skeletal 
muscle is associated with increased REDD1 expression in response to chronic hypoxia. Am J 
Physiol Regul Integr Comp Physiol. 2010;298:R1659–66.

26.	Golja P, Flander P, Klemenc M, Maver J, Princi T. Carbohydrate ingestion improves oxygen 
delivery in acute hypoxia. High Alt Med Biol. 2008;9:53–62.

27.	Burke LM, Hawley JA, Wong SH, Jeukendrup AE. Carbohydrates for training and competi-
tion. J Sports Sci. 2011;29:17–27.

28.	Jeukendrup AE, McLaughlin J.  Carbohydrate ingestion during exercise: effects on perfor-
mance, training adaptations and trainability of the gut. In: Maughan RJ, Burke LM, editors. 
Sports nutrition: more than just calories—triggers for adaptation, vol. 69. Basel, Switzerland: 
Karger AG; 2011. p. 1–17.

29.	Jeukendrup A. A step towards personalized sports nutrition: carbohydrate intake during exer-
cise. Sports Med. 2014;44:25–33.

30.	Lukaski HC.  Vitamin and mineral status: effects on physical performance. Nutrition. 
2004;20:632–44.

31.	Tauler P, Aguiló A, Gimeno I, Fuentespina E, Tur JA, Pons A. Response of blood cell antioxi-
dant enzyme defences to antioxidant diet supplementation and to intense exercise. Eur J Nutr. 
2006;45:187–95.

32.	Gomez-Cabrera MC, Domenech E, Romagnoli M, Arduini A, Borras C, Pallardo FV, Sastre J, 
Viña J. Oral administration of vitamin C decreases muscle mitochondrial biogenesis and ham-
pers training-induced adaptations in endurance performance. Am J Clin Nutr. 2008;87:142–9.

33.	Teixeira VH, Valente HF, Casal SI, Marques AF, Moreira PA.  Antioxidants do not pre-
vent postexercise peroxidation and may delay muscle recovery. Med Sci Sports Exerc. 
2009;41:1752–60.

P. Deb et al.



183

Chapter 17
Exercise at High-Altitude

Antonio Gandra d´ Almeida

�Clinical Case

Male, 38 years old, no medical history, no medication, Arrived to Tibete on the 22nd 
of April and started climbing the Himalaias on the next day. When he was at 3000 m 
high he started feeling headache, náusea and fatigue. When he started to descend he 
started feeling better.

�Introduction

Due to the lower availability of oxygen, the intensity of the exercise is reduced in 
altitude, and the adaptations generated by this exposure are the main factors to be 
evaluated when a competition at high altitude is programmed.

An adequate stay at altitude develops a series of physiological changes, which 
aim at better oxygen transport. Seeking to improve the delivery of oxygen to tissues, 
many elite athletes use training at altitude to improve physical fitness and improve 
performance at sea level. Exposure time and altitude level are the main factors that 
can lead to an optimized performance or damage to the athlete’s health.
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�Acclimatization

The main adjustments that occur in response to acute exposure to altitude are hyper-
ventilation and increased cardiac output (at rest and at submaximal exercise). 
Prolonged exposure to altitude provides adjustments that occur more slowly, to 
improve tolerance to hypoxia, such as an acid-base balance of body fluids, an 
increase in the number of red blood cells and a higher concentration of hemoglobin.

The major cause of altitude illnesses is going too high too fast. Given time, the 
body can adapt to the decrease in oxygen molecules at a specific altitude. A number 
of changes take place in the body to allow it to operate with decreased oxygen.

•	 The depth of respiration increases.
•	 This ventilatory response to hypoxia induced, essentially, by stimulation of 

chemo-peripheral receptors sensitive to variations in the arterial oxygen content, 
allows the increase of ventilation by 2 to 5 times in relation to the values obtained 
at sea level and, thus, the increase in partial alveolar pressure of alveolar oxygen

•	 Pressure in pulmonary arteries is increased, “forcing” blood into portions of the 
lung which are normally not used during sea level breathing.

•	 The body produces more red blood cells to carry oxygen,
•	 Myoglobin, a protein similar to a subunit of hemoglobin, is found in large 

amounts in muscle, functioning as an additional reservoir of oxygen. As it has a 
greater affinity for oxygen in relation to hemoglobin, in any pO2, myoglobin 
receives the O2 transported by hemoglobin and releases it in very low pO2 con-
ditions, to be used by muscle cell mitochondria.

•	 The low partial pressure of oxygen, associated with the effects of altitude, stimu-
lates an increase in the production of erythropoietin by the kidneys, in response 
to an arterial hypoxia. With the synthesis of elevated erythropoietin, it increases 
the production of red blood cells, and consequently the number of available 
hemoglobin, improving the oxygen binding capacity.

•	 Regarding cardiovascular adaptations, acute exposure to hypobaric hypoxia trig-
gers an increase in sympathetic autonomic nervous system activity, which pro-
motes increased heart rate and cardiac output at rest and under-mage and changes 
in blood flow by selective vasoconstriction

•	 The body produces more of a particular enzyme that facilitates the release of 
oxygen from hemoglobin to the body tissues.

The ideal time required for acclimatization, on a general average, is around 15 days 
for an altitude of 2500 m, from then on, each 610 m increase requires an additional 
week for full acclimatization. The adaptations produced by acclimatization dissi-
pate in about 20 days after returning to sea level.

�Physical Performance at Altitude

Exercises with a predominantly anaerobic characteristic, of short duration, do not 
show a decrease in performance or difficulty in performing as a result of the effects 
of altitude. During exercise at altitude, the main energetic substrate used is 
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glycogen, as it is the substrate that generates the most ATP per liter of oxygen con-
sumed. The use of fatty acids for energy production during physical exercises at 
altitude would not be interesting, as in addition to having a slower rate of oxidation, 
the production of energy through these sources would use a greater volume of oxy-
gen, which would lead to a reduction in exercise intensity. The reduced oxygen 
concentration, exercises performed above the lactate threshold and a high degrada-
tion of glycogen can lead to an early state of fatigue.

The main interest in performing altitude training is the improvement in the 
oxygen transport capacity in the blood, through an increase in the hemoglobin 
content.

The improvement in the movement economy occurs regardless of the training 
environment, but in this case, the improvement in the performance at sea level after 
a period of training at altitude, in relation to the movement economy, happens by an 
increase in the production of ATP per mol oxygen and by decreasing the cost of ATP 
for muscle contraction.

�Training and Altitude

Trained people when exposed to altitude show a greater reduction in VO2max than 
untrained people. Elite athletes have been using altitude training for a long time, 
although the efficiency of this practice, in relation to improved performance at sea 
level, is still questioned by studies.

�Live and Train at Altitude (Live High + Train High)

The original model of altitude training was to live and train at medium altitudes (live 
high + train high, LH + TH) that even though it has been used for several decades, 
its benefits in improving physical performance at sea level remain uncertain. A 
potential limitation of training in hypoxic conditions is the fact that many athletes 
are unable to reach the level of intensity necessary to generate the physiological 
changes that would improve performance, and in many cases, return to sea level in 
an untrained state, with 3–8% reductions in physical performance.

�Live Low and Train at Altitude (Live Low + Train High)

Although the name indicates training in altitude, in the model LL + TH (live low + 
train high), the athlete lives and trains at sea level, with short periods of hypoxia 
(5–180 min) where he breathes through a gas mask with the percentage of oxygen 
reduced during the recovery interval or during the training session. The method is 
mainly indicated as a means of pre-acclimatization before ascending to altitude for 
athletes who intend to compete or train in high regions.
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�Live at Altitude and Train at Low (Live High + Train Low)

In this model, the athlete lives at altitude to obtain the benefits of acclimatization 
(increase in the production of erythropoietin, resulting in an increase in red blood 
cells) and trains at a lower location to achieve a training intensity similar to that of 
sea level. Athletes who use the LH + TL method live and/or sleep at a moderate 
altitude (2000–3000 m) and train at a low elevation (<1500 m).

Only for athletes with a very high level of conditioning does altitude training 
become significant as an additional stimulus, since the improvement in performance 
occurs in a minimal percentage. Living and training at altitude can be a viable alter-
native for athletes who are in the regenerative period, where the intensity of the 
training is mild to moderate.

Intermittent exposure to hypoxia can be used by athletes or teams whose compe-
tition calendars do not allow adequate acclimatization time, thus minimizing the 
appearance of possible complications during acute exposure to altitude. Staying at 
altitude and training at a lower altitude seems to be the ideal model to be adopted as 
an alternative to optimize the results obtained with training. According to the adap-
tations generated to improve oxygen transport, the pre-competition period would be 
the best time to apply this method, since its effects dissipate in a short period of time.

Thus, different individuals seem to respond differently to the same hypoxic stim-
ulus of altitude, calling into question the generalization of the effectiveness of this 
new model of altitude training.

�Sports Activities at Moderate and High Altitudes

There are 3 groups of individuals classified according to their way of responding to 
hypobaric hypoxia. The groups are the following: (1) healthy people living at sea 
level or at low altitudes; (2) those who were born and live at moderate and high 
altitudes; (3) those with heart diseases, pulmonary diseases and hemoglobinopa-
thies. The first group can be subdivided into sedentary, active and athletic individuals.

The acclimatization process has no direct correlation with the previous level of 
physical conditioning. An athlete with high aerobic conditioning is equally exposed 
to the diseases of altitude as a sedentary individual. In absolute values, however, 
especially after the acclimatization period, the differences in the cardiopulmonary 
capacities are kept as at sea level. Physical training and the intensity of the exercises 
should be differentiated and adequate to each subgroup. Patients with pulmonar 
hypertension, decompensated heart failure, unstable angina, recent acute myocar-
dial infarction, noncontrolled severe atrial hypertension, severe pulmonary disease, 
homozygote sickle cell anemia, recurrent thromboembolic episodes, and patients 
with a severe anemia or reduction in SaO2 can be at high risk. On the other hand, 
some individuals with the sickle cell trait have their first crisis of vascular occlusion 
during exercise at these altitudes. In competitions, they have the tolerance to 
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exercise reduced, which until then had not been observed at sea level. Several sports 
activities are particularly dependent on high altitudes and have their peculiarities. A 
typical example is mountaineering.

Mountaineering  As a general rule, in long ascents at altitudes higher than 3000 m, 
the positive difference of the altitudes between two consecutive nights should not 
exceed 300 m, and there should be two nights at the same altitude at every 3 days. 
To reduce the risks of dehydration caused by inspiration in a cold and dry environ-
ment, an abundant hydration with 3–5 L of liquids per day is fundamental, as well 
as a diet rich in carbohydrates, which release more energy (5.0 kcal/L O2) than 
lipids (4.7 kcal/L O2).

Athletic Training  Acclimatization usually takes 2 weeks at moderate altitudes up 
to 2300 m. Beyond this altitude, to each additional ascent of 610 m, 1 week should 
be added, up to the altitude of 4572  m, characterizing a gradual acclimatization 
considered more physiological and safer. One characteristic of the low threshold of 
sensitivity to hypobaric hypoxia that we observed was the elevation of the HR at 
rest, when waking up, 24 h after the arrival at the altitude, in relation to the HR 
obtained at the wake up time at sea level. An 80% increase would indicate clinical 
complications at that altitude, requiring an individualized training.

It is believed that in prolonged sports competitions involving races and succes-
sive stops, such as soccer and basketball, the players may suffer little influence of 
the hypobaric hypoxia as a result of a reduced intensity training. This reduction in 
the intensity of the physical training does not imply reduction in the tactical train-
ing, which should be maintained. This is especially important so that the players can 
get used to a change in the dynamics of the displacement of the ball consequent to 
the smaller atmospheric pressure. A training carried out correctly, at the ideal level 
of altitude respecting the acclimatization periods, with a nutritional monitoring and 
reaching the appropriate training intensity, will certainly be a differential for the 
performance of endurance athletes. The risks exist, but they can be controlled and 
eliminated if the necessary precautions are taken.

�What Causes Altitude Illnesses?

The concentration of oxygen at sea level is about 21% and the barometric pressure 
averages 760 mmHg. In order to properly oxygenate the body, your breathing rate 
(even while at rest) has to increase. This extra ventilation increases the oxygen con-
tent in the blood, but not to sea level concentrations. Since the amount of oxygen 
required for activity is the same, the body must adjust to having less oxygen. In 
addition, for reasons not entirely understood, high altitude and lower air pressure 
causes fluid to leak from the capillaries which can cause fluid build-up in both the 
lungs and the brain. Continuing to higher altitudes without proper acclimatization 
can lead to potentially serious, even life-threatening illnesses.
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�Risk Factors

It is not possible to know in advance if someone will become ill when traveling to a 
high altitude. In addition, being physically fit does not decrease the chances of 
developing a high altitude illness. However, certain groups are at increased risk, 
including people who:

•	 Have a prior history of high altitude illness
•	 Overexert themselves or drink alcohol before adjusting to the change in altitude
•	 Ascend rapidly from low elevation to sleeping altitudes above 8000 feet (2400 m).
•	 Ascend rapidly (>500 to 1000 m/day in sleeping altitude), when over 9000 feet 

(2700 m).
•	 Pre-existing cardiopulmonary disease
•	 Have not been to altitude in the previous few weeks

�Preexisting Medical Problems

Travelers with medical conditions such as heart failure, myocardial ischemia 
(angina), sickle cell disease, any form of pulmonary insufficiency or preexisting 
hypoxemia, or obstructive sleep apnea (OSA) should consult a physician familiar 
with high-altitude medical issues before undertaking such travel.

Travel to high elevations does not appear to increase the risk for new events due 
to ischemic heart disease in previously healthy persons. Patients with well-controlled 
asthma, hypertension, atrial arrhythmia, and seizure disorders at low elevations gen-
erally do well at high elevations. All patients with OSA should receive acetazol-
amide; those with mild to moderate OSA may do well without their CPAP machines, 
while those with severe OSA should avoid high elevation travel unless given supple-
mental oxygen in addition to their CPAP. People with diabetes can travel safely to 
high elevations, but they must be accustomed to exercise and carefully monitor their 
blood glucose. Altitude illness can trigger diabetic ketoacidosis, which may be more 
difficult to treat in those taking acetazolamide. Not all glucose meters read accu-
rately at high elevations.

Most people do not have visual problems at high elevations. However, at very 
high elevations some people who have had radial keratotomy may develop acute 
farsightedness and be unable to care for themselves. LASIK and other newer proce-
dures may produce only minor visual disturbances at high elevations.

Travel to high elevations during pregnancy warrants confirmation of good mater-
nal health and verification of a low-risk gestation. A discussion with the traveler of 
the dangers of having a pregnancy complication in remote, mountainous terrain is 
also appropriate. That said, there are no studies or case reports of harm to a fetus if 
the mother travels briefly to high elevations during her pregnancy. It may neverthe-
less be prudent to recommend that pregnant women do not stay at sleeping eleva-
tions above 10,000 ft. (3048 m).
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�Acute Mountain Sickness

Acute mountain sickness (AMS) is the most common of the altitude diseases; it 
occurs in approximately 40 to 50 percent of people who live at a low altitude and 
sleep at an altitude above 10,000 feet (3000 m), and in approximately 25 percent of 
those sleeping above 8000 feet (2400 m). Some people can develop AMS as low as 
6500 feet (2000 m).

Symptoms usually occur within 6 to 12  hours of arrival at altitudes above 
8000 feet (2400 m). Symptoms can begin as soon as 1 h or as long as 24 h after arriv-
ing. AMS does not occur after adjusting to a given altitude for three or more days.

AMS is common at high altitudes. At elevations over 10,000 feet (3048 meters), 
75% of people will have mild symptoms. The occurrence of AMS is dependent 
upon the elevation, the rate of ascent, and individual susceptibility. Many people 
will experience mild AMS during the acclimatization process. Symptoms usually 
start 12–24 hours after arrival at altitude and begin to decrease in severity about the 
third day. The symptoms of Mild AMS are headache, dizziness, fatigue, shortness 
of breath, loss of appetite, nausea, disturbed sleep, and a general feeling of malaise. 
Symptoms tend to be worse at night and when respiratory drive is decreased. Mild 
AMS does not interfere with normal activity and symptoms generally subside 
within 2–4 days as the body acclimatizes. As long as symptoms are mild, and only 
a nuisance, ascent can continue at a moderate rate. When hiking, it is essential that 
you communicate any symptoms of illness immediately to others on your trip.

There are no clinical signs for AMS and the diagnosis is made in the history, The 
difficulty in identifying AMS is the non-specific nature of symptoms, which climb-
ers may assign to fatigue or sleep deprivation. The scoring system for symptom 
severity is subjective and relies on self-reporting. In the context of field diagnosis, it 
is wise to assume that such non-specific symptoms are AMS unless strong evidence 
is available implicating an alternative cause. It is also important not to overlook 
conditions with similar non-specific presentations, for example hypothermia, dehy-
dration, hypoglycaemia and hyponatraemia.

�Moderate AMS

Moderate AMS includes severe headache that is not relieved by medication, nausea 
and vomiting, increasing weakness and fatigue, shortness of breath, and decreased 
coordination (ataxia). Normal activity is difficult, although the person may still be 
able to walk on their own. At this stage, only advanced medications or descent can 
reverse the problem.

�Severe AMS

Severe AMS presents as an increase in the severity of the mentioned symptoms, 
including shortness of breath at rest, inability to walk, decreasing mental status, and 
fluid buildup in the lungs.
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�High Altitude Cerebral Edema

High altitude cerebral edema (HACE) is a rare life-threatening altitude disease, and 
is a severe form of acute mountain sickness (AMS). It is caused by leaky capillaries 
in the brain, which causes fluid accumulation and brain swelling. it is most often 
associated with HAPE. In addition to AMS symptoms, lethargy becomes profound, 
with drowsiness, confusion, and ataxia on tandem gait test, similar to alcohol intoxi-
cation. A person with HACE requires immediate descent; if the person fails to 
descend, death can occur within 24 h of developing ataxia. It usually happens at 
altitudes higher than 4500  m. The victim is usually tired, with no conditions to 
objectively evaluate his/her own status.

The fine movements of the hands, fingers and eyes are affected. Edema and pete-
chial hemorrhages are typically found in the brain at autopsy. Prevention can be 
done through a slow ascent, good hydration and avoidance of strenuous exercises.

Descent is the treatment and it should be started immediately because evolution 
to death can be rapid. Oxygen improves the symptoms, but when interrupted, the 
situation aggravates even more. Dexamethasone does not affect cerebral edema, but 
reduces the symptoms and, therefore, makes the descent easier.

The mechanism for HACE is better understood than for AMS. Cerebral edema 
develops following cerebral vasodilation secondary to hypoxia. Hypoxaemia results 
in overperfusion of microvasculature, an increase in hydrostatic pressure and leak-
age from capillaries. Autopsies reveal edema and magnetic resonance imaging 
(MRI) studies demonstrate white matter changes in keeping with oedema in the 
splenium of the corpus callosum.

�High Altitude Pulmonar Edema (HAPE)

HAPE is a noncardiogenic pulmonar edema. It is accompanied by pulmonary 
hypertension, an increase in the pulmonar capillary permeability and hypoxemia. 
Hypoxic pulmonary vasoconstriction has been proposed as being non-uniform 
throughout the pulmonary circulation, causing regional overperfusion. Endothelial 
dysfunction may also be instigated. Endothelial nitric oxide synthase gene polymor-
phisms confer genetic suspectibility, and therefore impaired nitric oxide synthesis 
may be an underlying mechanism in HAPE.

There are several hypotheses to explain this increase in permeability and some of 
them are listed below:

	1.	 pulmonary arterial hypertension;
	2.	 hypoxia inducing the release of inflammatory mediators, such as cytokines, 

ET-1, and intercellular adhesion molecule (ICAM-1)
	3.	 hyperperfusion of the pulmonary vessels not undergoing vasoconstriction 

(hypoxic pulmonar vasoconstriction is extensive but not uniform) leading to 
dilation and high flow in the capillaries and consequente capillary lesion.
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HAPE typically occurs in young and healthy mountaineers and is precipitated by 
rapid ascents at altitudes above 2500–3000 m. There is an individual susceptibility 
and it tends to recur. HAPE clinically manifests 2–5 days after acute exposure to 
hypobaric hypoxia, 78% of the cases appear until the tenth day, with the following 
symptoms: abnormal dyspnea on effort and, later, even at rest, cyanosis, dry cough 
that evolves to a mucous-sanguinolent cough, and tachycardia. Teleradiography 
shows diffuse alveolar images unevenly distributed. The alveolar fluid is rich in 
proteins and inflammatory mediators. An electrocardiogram demonstrates sinus 
tachycardia, right axis deviation, right bundle branch block or right strain. It is 
important to consider other causes of this clinical presentation, for example respira-
tory infection or cardiac conditions. HAPE is a severe and potentially fatal condi-
tion and immediate descent is mandatory.

�The Differential Diagnosis

The differential diagnosis of is broad and includes: dehydration, exhaustion, hypo-
glycemia, hypothermia, hyponatremia, asthma, acute bronchitis, heart failure, 
mucus plugging, myocardial infarction, pneumonia, pulmonary embolus. 
Infections, drug effects, neurologic problems. Focal neurologic symptoms and sei-
zures are rare in HACE and should lead to suspicion of an intracranial lesion or 
seizure disorder.

Encephalopathy from any cause may mimic HACE. Acute psychosis, intracra-
nial vascular malformation, intracranial mass lesions, carbon monoxide poisoning, 
infection of the central nervous system, migraine, seizure, stroke, and transient isch-
emic attacks are all potential confounding disorders and must be considered in the 
differential diagnosis.

�Diagnosis

Patients suffering from more severe forms of altitude-related illness, such as HAPE 
or HACE, are frequently in austere environments where access to diagnostic studies 
is limited. In these cases, a diagnosis of altitude-related illness must be made on 
clinical grounds and treatment initiated without the benefit of confirmatory labora-
tory testing or diagnostic imaging.

Currently, no widely accepted confirmatory laboratory studies exist for the diag-
nosis of AMS, HACE, or HAPE. Laboratory abnormalities may be secondary to 
accompanying dehydration and stress. Arterial blood gases, particularly in HAPE, 
may demonstrate marked hypoxia.

When imaging modalities are available, patchy, peripher.al infiltrates repre-
senting pulmonary edema are seen on chest radiographs or CTs in the early stages 
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of HAPE.  As the disorder progresses, the edema becomes homogenous and 
diffuse.

In AMS, MRI studies may show a mild increase in cerebral volume, possibly 
reflecting minor cerebral edema. Brain MRI findings in HACE are more consistent 
and characterized by increased T2 signal intensity in the corpus callosum and cen-
trum semiovale, as well as micro hemorrhages in the corpus callosum.

�Prevention of Altitude Illnesses

Prevention of altitude illnesses falls into two categories, proper acclimatization and 
preventive medications. Below are a few basic guidelines for proper 
acclimatization.

•	 If possible, don’t fly or drive to high altitude. Start below 10,000 feet (3048 m) 
and walk up.

•	 If you do fly or drive, do not over-exert yourself or move higher for the first 
24 hours.

•	 If you go above 10,000 feet (3048 m), only increase your altitude by 1000 feet 
(305 m) per day and for every 3000  feet (915 m) of elevation gained, take a 
rest day.

•	 “Climb High and sleep low.” This is the maxim used by climbers. You can climb 
more than 1000 feet (305 m) in a day as long as you come back down and sleep 
at a lower altitude.

•	 If you begin to show symptoms of moderate altitude illness, don’t go higher until 
symptoms decrease

•	 If symptoms increase, go down!
•	 Keep in mind that different people will acclimatize at different rates. Make sure 

all of your party is properly acclimatized before going higher.
•	 Stay properly hydrated. Acclimatization is often accompanied by fluid loss, so 

you need to drink lots of fluids to remain properly hydrated (at least 3–4 quarts 
per day). Urine output should be copious and clear.

•	 Take it easy; don’t over-exert yourself when you first get up to altitude. Light 
activity during the day is better than sleeping because respiration decreases dur-
ing sleep, exacerbating the symptoms.

•	 Avoid tobacco and alcohol and other depressant drugs including, barbiturates, 
tranquilizers, and sleeping pills. These depressants further decrease the respira-
tory drive during sleep resulting in a worsening of the symptoms.

•	 Eat a high carbohydrate diet (more than 70% of your calories from carbohy-
drates) while at altitude.

•	 The acclimatization process is inhibited by dehydration, over-exertion, and alco-
hol and other depressant drugs.
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�Pharmacological Prophylaxis

For those at moderate or high risk of developing AMS, pharmacological prophy-
laxis may be considered:

•	 Acetazolamide is effective with a low risk of side effects. Prophylactic doses of 
acetazolamide are 125 mg twice daily for adults and 2.5 mg/kg twice daily in the 
pediatric population.

•	 Although acetazolamide is the preferred agent, dexamethasone is effective in 
preventing AMS at a dose of 2 mg every 6 h or 4 mg every 12 h.

•	 In rare circumstances that dictate the need for rapid ascent to very high altitude 
(over 3500 meters) with exertion, consideration may be given to concomitant use 
of both acetazolamide and dexamethasone.

•	 Prophylaxis should be started one day prior to ascent and may be stopped after 
2–3 days at maximum elevation or upon initiation of descent.

�Treatment

AMS treatment  AMS treatment includes rest, descent, and may also include med-
icines to relieve symptoms. You should not exercise or proceed higher until your 
symptoms have resolved. You should also know when and if you need to seek help.

•	 The best and most effective treatment for HACE, HAPE, or severe AMS is 
descent.

•	 Since exertion may exacerbate altitude-related illness, individuals should mini-
mize exertion during descent. The descent should be at least 1000 m or should be 
continued until symptoms improve. If available, supplemental oxygen may be 
titrated to achieve an oxygen saturation of >90 percent.

•	 Portable hyperbaric chambers, such as the Gamow bag, may be used for treat-
ment of HACE or HAPE. Although effective, these devices require knowledge-
able personnel for operation, and caution must be used with patients who are 
claustrophobic or vomiting.

•	 Portable hyperbaric chambers are inflatable pressure bags used in remote set-
tings that can treat people with HACE when immediate descent is not feasible.

•	 While use of acetazolamide at higher doses than those used for prophylaxis has 
been employed in treatment of severe AMS, the agent is used primarily in mild 
or moderate AMS. In adults, the treatment dose for acetazolamide is 250 mg 
twice daily.

•	 Acetazolamide inhibits carbonic anhydrase, and thus reduces the conversion of 
carbon dioxide to bicarbonate and protons. It causes a bicarbonate diuresis and a 
metabolic acidosis through its inhibition in the renal system. It increases poikilo-
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capnic HVR, accelerating a mechanism that occurs usually with acclimati¬sation. 
Other potential beneficial effects include increasing carbon dioxide retention 
through inhibition of vascular carbonic anhydrase, and the decrease of CSF 
production.

•	 A randomised controlled trial comparing higher doses showed no improved 
AMS prophylactic efficacy and an increase in the side-effect of paraesthesia, 
typically experienced in the extremities. Possible side effects include tingling of 
the lips and finger tips, blurring of vision, and alteration of taste. These side 
effects may be reduced with the 125 mg. dose. Side effects subside when the 
drug is stopped.

•	 Dexamethasone is used for moderate or severe AMS or HACE and may be 
administered orally, intramuscularly, or intravenously. The initial dose is 8 mg, 
followed by 4 mg every 6 h until symptoms abate.

•	 Dexamethasone is comparable to acetazolamide in terms of prophylactic efficacy 
in reducing AMS symptom scores when rapidly ascending to altitude in a ran-
domised controlled trial, but should be reserved for the emergency treatment of 
AMS and HACO. The mechanism of prevention is unknown but is likely to be 
related to vessel permeability and cytokine regulation. You should take it imme-
diately if you develop signs of HACE, with the recommended dose being 8 to 
10  mg by mouth. You should take 4  mg every 6  h thereafter until you have 
descended. You should take dexamethasone before entering a hyperbaric 
chamber.

•	 While the literature is replete with reports of other pharmacological adjuncts in 
the treatment of HAPE, descent and supplemental oxygen remain the mainstays 
of management. Nifedipine has demonstrated some efficacy in the treatment of 
acute HAPE with a recommended dose of 60 mg of the sustained release prepa-
ration daily. Reports exist for combination therapy with pulmonary vasodilators, 
acetazolamide and inhaled beta-2 agonists. Utilization of positive pressure ven-
tilation and oxygen supplementation has also been described with beneficial 
effects. The use of sildenafil for HAPO is appealing because of its primary vaso-
dilator action on pulmonary rather than systemic vessels, perceivably decreasing 
the risk of systemic hypotension and cerebral hypoperfusion when compared 
with nifedipine. No robust studies of phosphodiesterase inhibitors in HAPO 
treatment have yet been conducted and there is some clinical experience that it 
increases AMS severity, so its use is not currently recommended. Current guide-
lines focus on descent in the remote setting with supplementary oxygen or 
nifedipine adjuncts. Hyperbaric therapy should not delay descent but can be used 
whilst awaiting evacuation. There is no role for diuretics in HAPO treatment.

In general, for those without previous history of AHAI, pharmacological prophy-
laxis should not be required and an appropriately controlled ascent rate should be 
employed to prevent AMS and HACO. In high-risk situations, where (a) the indi-
vidual is susceptible, (b) an altitude greater than 3500 m is attained in 1 day or (c) 
ascent must be faster than 300 m/day, acetazolamide 125 mg twice daily is consid-
ered first line.
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Oxygen supplementation can be used as an alternative to descent in selected 
patients, or as an adjunct to descent in severe AMS or HACO. Oxygen saturations 
greater than 90% should be achieved. Portable hyperbaric chambers can also be 
used, but this should not delay descent and, practically, their use in patients with 
severe nausea, vomiting or decreased conscious level can be challenging.

•	 Headache – non-prescription medicines for headache, such as aspirin, acetamin-
ophen, or ibuprofen

•	 Nausea or vomiting – a prescription medicine such as ondansetron may be help-
ful, if it is available.

�Prognosis

With adequate rest and adherence to treatment guidelines, individuals with mild or 
moderate AMS generally recover within a few days. HACE and HAPE are often 
fatal if left untreated. Clinical features of HAPE often improve after several days at 
a lower altitude. Neurological symptoms from HACE may take weeks or longer to 
resolve.

After an episode of AMS, ascent can be re-attempted once symptoms have com-
pletely resolved. Non-pharmacological prophylactic measures such as slow rate of 
ascent and pharmacological prophylaxis should be undertaken. In the case of HAPE 
and HACE, it is more controversial but there are no guidelines contraindicating re-
ascent. Once again, prophylactic measures must be strongly considered.

�What Other Considerations Exist for Patients Travelling 
to High Altitudes?

Retinal hemorrhages are relatively common at altitude, with reported incidences up 
to 56%. Most hemorrhages are asymptomatic and transient. Their development does 
not mandate descent unless the macula is involved and visual acuity is compro-
mised. Acute exposure to the hypobaric hypoxia of altitude may exacerbate under-
lying chronic illness. Travel to high altitude is contraindicated in patients with 
pulmonary hypertension and uncompensated congestive heart failure, as the hypoxic 
environment increases mean pulmonary artery pressure. Patients with sickle-cell 
disease are prone to development of splenic infarcts and sickle-cell crises at high 
altitude and should avoid such environments.

Patients with severe COPD should not travel to altitude. Those with milder 
COPD may travel, but they should have access to pulse oximetry and supplemen-
tal oxygen.

Cardiac arrhythmias are more common at high altitude than at lower alti-
tudes. Patients with a history of arrhythmias should have ready access to 
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supplemental oxygen and should limit physical exertion at altitude. Patients with 
a history of coronary artery disease should be evaluated by a cardiologist prior 
to ascent to altitude; a cardiac stress test may be warranted. Asthma is not exac-
erbated by ascent to high altitude; usual asthma management should be contin-
ued. Although mild increases in blood pressure accompany ascent to altitude, 
the patient’s sea-level antihypertensive regimen does not usually require 
modification.

�Recommendations

The following recommendations can be given from these considerations related to 
the preparation of an endurance competition at altitude in terms of psychological 
aspects:

•	 Firstly, an early arrival (at least 42–52 h prior to the competition) is preferable to 
avoid possible riskier decision making, mood disturbances and the related detri-
mental effects on endurance performance. An early arrival is also recommended 
on the basis of physiological aspects.

•	 Secondly, a preexposure of the athlete to moderate altitude to study the athlete’s 
individual reaction in terms of cognitive functions and mood states is advised. 
Ideally, the pre-exposure takes place in the same or a similar environment and 
altitude as the competition. In cases, where this is not possible, a pre-exposure to 
normobaric hypoxia corresponding to the competition altitude might be used. A 
preexposure might also be used for imagery training.

•	 Thirdly, CHO and/or cafeine supplementation might support to decrease the per-
ceived effort during competition.

HAPE is one of most dangerous conditions related to increased altitude exposure 
among unacclimatized athletes. Athletes should be aware that the acclimatization 
process does not correlate with the level of physical conditioning. However, after 
acclimatization, cardiopulmonary capacity is the same as it is at sea level.

•	 Within the first days of acclimatization, athletes are at high risk of dehydration 
due to increased respiratory water loss by enhanced ventilation, increased uri-
nary water loss, and an increase in basal metabolic rate. Thus, athletes should be 
encouraged to drink sufficient fluids while at altitude.

•	 Overall, authors recommend regular monitoring of body mass and urine osmo-
lality during altitude training to ensure proper hydration and to prevent over-
drinking since both hypohydration and hyperhydration impair performance and 
present a risk to health. At altitude, the stress response to exercise is enhanced, 
and thus CHO requirements are higher than at sea level. CHO consumption 
before exercise in hypoxia can mitigate some of the negative symptoms of high 
altitude, like less oxygen saturation and ventilation.
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�Conclusion

The optimum for achieving better results in endurance competitions at altitudes is 
to be born or at least live permanently and train at such altitudes or to move to alti-
tude at any time over the course of the sporting carrier. If for logistical and/or socio-
economic reasons athletes cannot move permanently to a higher altitude, it seems 
optimal to undergo an at least 2- to 4-week training camp before a important com-
petition. The specific preparation cannot be done successfully without prior repeated 
testing in training camps at altitude to learn the course of acclimatization of the 
individual athlete.

From the presented findings of various aspects of an optimal preparation for 
endurance competition at altitude, it may be concluded that the acclimatization pro-
cess and performance recovery nearly reach a plateau after about 2 weeks at alti-
tudes up to 4500 m. Individual psychological conditions and appropriate diet and 
training are important modifiers of the preparation progress and related competition 
success. However, in reality preparation regimens may largely deviate.
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Chapter 18
Importance of the Diagnosis of Patent 
Foramen Ovale to Prevent Ischemic Stroke 
in Height Altitude and Diving

Ignacio Previgliano

�The Case

A 28 years old male arrives to the emergency room at 1 a.m. with a left hemiparesis 
and a National Institute of Health Stroke Scale (NIHSS) scale of 12 points. His wife 
said that it presented suddenly after parking the car 30 minutes ago and he was a 
healthy person, and put as an example they just arrived 12 h ago from a diving holi-
day in Cozumel, México. His vital signs were: Blood Pressure (BP) 160/100 mmHg, 
Heart Rate (HR) 68 per minute, Respiratory Rate 18 per minute. He has a normal 
electrocardiogram. Twenty minutes after admission he was sent to the radiology 
department for a CT scan. The study was informed as normal without early warning 
signs of middle cerebral artery infarction. With this CT findings, according to the 
protocol [1], recombinant Tissue Plaminogen Activator (rTPA) was started at a dose 
of 0.9  mg/kg, 10% in bolus and 90% in one hour infusion. Cerebrolysin, a 
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neurotrophic factors preparation with neuroprotective and neuroregenerative action, 
was also started at a dose of 30 ml/day for 10 days [2, 3]. After treatment the patient 
was moved to the Intensive Care Unit. Transcranial doppler (TCD) ultrasound 
showed a 30% difference in blood flow velocities (BFV) in mean cerebral arteries 
(MCA) due to the decrease in the right velocities. Neck vessels ultrasound and 
transthoracic echocardiography were normal.

After 12 hours from admission his NIHISS worsened to 20 points, a new CT scan 
was performed and showed a right middle cerebral artery infarction. After the scan 
the patient deteriorated with a NHISS of 22 points, due to coma. Neurosurgical 
consultation was performed and decompressive craniectomy with dural expansion 
was decided [1]. A fiberoptic catheter was placed in the left hemisphere. After sur-
gery the patient was mechanically ventilated, adapted with midazolam and fentanyl. 
Intracranial (ICP) and mean arterial pressure (MAP) monitoring was performed and 
the treatment objective was to maintain a cerebral perfusion pressure (CPP) above 
70  mmHg. Meanwhile a transesophageal echocardiogram (TEE) with hydro-air 
contrast was performed and ruled out Patent Foramen Ovale (PFO).

After 5 days of neurointensive management the patient was weaned from ventila-
tor, drugs and monitoring devices. His NIHSS returned to initial values (11 points). 
A new TCD showed symmetric BFV in both MCAs and microembolic signals 
(MES). As the patient was lucid and collaborative a TCD with hydro-air contrast 
was performed. The first examination revealed “drop passage” (6 bubbles) while the 
second with the Valsalva maneuver showed “curtain passage” (more than 30 bub-
bles). All these findings were compatible with right to left shunt, probably due to 
PFO in spite of negative TEE results [4, 5].

According to the best evidence-based treatment [6] PFO closure with an 
AMPLATZER device was decided.

The patient was derived to a rehabilitation facility and his NHISS at 90 day was 
3 (very mild facial and left leg paresis, mild dysarthriaslurring but can be under-
stood). Magnetic Resonance Imaging diffusion tensor imaging and tractography.

�The Standard Approach to Management

This patient received the standard approach to diagnosis and treatment according to 
stroke guidelines. Mechanical thrombectomy was not possible to perform due to 
logistic troubles, so decompressive craniectomy was chosen.

Beyond these clinical considerations, this case motivated us to consider aspects 
that would have passed by without adequate critical reflection:

	1.	 Is there any relationship between PFO and diving, decompression sickness or 
high-altitude pulmonaryedema, or stroke onset?

	2.	 Which is the best diagnostic maneuver for PFO identification?
	3.	 Is any indication for PFO screening or closure in divers or heigh altitude 

climbers?
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�Is there any Relationship Between PFO and Diving, 
Decompression Sickness or High-Altitude Pulmonaryedema, or 
Stroke Onset?

During embryogenesis, tissue oxygenation of the fetus takes place through exchange 
with maternal blood through the placenta. Because the fetal lungs are obviously 
inactive, the atria are widely communicated through the foramen ovale in order to 
provide a fast circulation.

At the time of birth, with the first breath, there is a decrease in pulmonary vascu-
lar resistance and pressures in the right atrium, with which the foramen ovale, part 
of the septum primun, adheres to the septum secundum, closing the atrial commu-
nication. This process of independence of the right and left circulations remains 
active during the first two years of life.

Nevertheless in 20–25% of the population this foramen remains patent. In these 
PFO population some physiological conditions as deep breathing, coughing, sneez-
ing, or physical activities that involve a Valsalva maneuver can lead to a transient 
right-to-left shunt. Atrial septum aneurysm is another septal defect that it is associ-
ated with 15% to 18% of POF, mainly with the larger ones.

The respiratory system is crucial in the hemostatic homeostasis. The fine pulmo-
nary vessels fulfill a filter function for venous blood, retaining mechanically or by 
specific adherence, aged blood cells, micro clots, adipose cells, placental cells, etc., 
elements that are normally forming in or entering the bloodstream. It is logical to 
hypothesize that many of these detritus could pass through PFO during transient 
right-to-left shunting. This situation could explain white matter hyperintensities, 
formally ischemic lesions [7], seen in young patients with asymptomatic PFO. It 
goes without saying that in the presence of a larger emboli source, such as deep vein 
thrombosis, a larger clot can cause a paradoxical embolism in a larger cere-
bral artery.

The relationship between stroke and PFO was established in two studies [8, 9] in 
patients from 40 to 55 years old with cryptogenic stroke in which PFO was present 
40–50% and absent in 10–15%, using contrast echocardiography. Further studies 
confirmed these findings [10].

Decompression sickness is caused by the generation of bubbles produced as a 
consequence of the nitrogen saturation in the tissues that occurred during the 
descent. As the diver returns to the surface, the sum of the gas stresses in the tissue 
can exceed the ambient pressure and cause the release of free gas from the tissues in 
the form of bubbles.

They can alter organ function by occluding blood vessels, compressing tissues 
and / or causing endothelial damage with subsequent activation of the coagulation 
and inflammation cascades.

Gas bubbles are generally present in the venous circulation due to the low pres-
sure and high tension of the gas. The presence of bubbles alone does not necessarily 
mean that DCS will develop.
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Nevertheless, several studies demonstrate that the presence of a PFO is associ-
ated with a two- to fivefold increase in the risk for developing severe DCS, and that 
the risk is greater PFO size and septal mobility.

Although skydiving has a similar physic than diving, there are no articles relating 
the activity to stroke, except for one that attribute it to carotid artery dissection.

Acute Mountain Sickness [11] (AMS)is characterized by headache, gastrointes-
tinal upset, fatigue, difficulty sleeping, and lightheadedness of sudden onset while 
there is a rapidly ascend to significant altitudes. AMS can progress to life threaten-
ing conditions such as High-Altitude Pulmonary Edema (HAPE) and High-Altitude 
Cerebral Edema (HACE) [10].

A prospective study [12] studied PFO prevalence in 137 hikers and AMS devel-
oping. PFO search was performed by contrast TCD, identifying it in 43% of the 
study population.

There was a higher prevalence of PFO in hikers with AMS 15/24 (63%) com-
pared to hikers without AMS 44/113 (39%); p = 0.034. In the multivariate model, 
the presence of a PFO significantly increased the risk for developing AMS: OR 
4.15. In a previous research Allemand [13] found that a PFO was 4 to 5 times more 
likely to be identified in professional mountain climbers who were HAPE-
susceptible compared to those who were HAPE-resistant.

A very illustrative study from Lovering et al. [14] state that effects on physiologi-
cal processes are likely dependent on both the presence and size of the PFO. The 
involved pathophysiologic mechanism could be worsened pulmonary gas exchange 
and blunted ventilatory acclimatization.

Exaggerated pulmonary hypertension and right ventricular dysfunction have 
been found in patients with PFO living at high altitude. This was associated with 
enlargement of the right ventricle at rest and an exaggerated increase in the pressure 
gradient and dysfunction of the right ventricle and a moderate increase in the frac-
tional area change of the ventricle right ventricle during light exercise [15].

Individuals who undergo successful closure of their PFO can travel or live at 
high altitudes without difficulty [77].

�Which Is the Best Diagnostic Maneuver for PFO Identification?

As we have analyzed above PFO’s presence, size and associated septal defects are 
related to diving and heigh altitude complications. So, it diagnostic is mainfull.

Although TEE is considered “the gold standard” for PFO diagnosis, meta-
analyzes seem to indicate that this is not the case.

Our first warning that DTC could become a more important tool than echocar-
diographic techniques for the diagnosis of PFO came from the study performed by 
Gonzalez-Alujas et al. [16]. They prospectively analyzed 134 patients performing 
simultaneously transthoracic ecocardiogram (TTE) with TCD and TEE with TCD, 
using agitated saline solution to detect right to left shunt. TTE and TCD showed 
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higher sensitivity (100% vs 97%; non-significant difference) than TEE in the diag-
nosis of PFO (86%; p < .001). TEE underestimated shunt severity.

For the purposes of this chapter, we review the related literature, finding three 
important meta-analyzes [17–19] that supported Gonzalez-Aluja study.

Regarding the TCD’s accuracy for intracardiac right-to-left shunt diagnosis [15], 
the meta-analysis examined data from 27 studies with 1968 patients and concluded 
that “TCD is a reliable, noninvasive test with excellent diagnostic accuracies, mak-
ing it a proficient test for detecting RLS. TCD can be used as a part of the stroke 
workup and for patients being considered for PFO closure. If knowledge of the 
precise anatomy is required, then TEE can be obtained before scheduling a patient 
for transcatheter PFO closure”.

Reviewing the diagnostic value of TTE for PFO diagnosis [16], the meta-analysis 
surveyed 16 studies with 1831 patients and revealed a sensitivity of 88% and speci-
ficity of 97%. Data suggested “that TTE is a test with high sensitivity and specificity 
in detection of PFO, but it may not be appropriate for screening for PFO in all 
patients, especially patients with a small right-left shunt”.

With only 164 patients included, meta-analysis of TEE diagnostic value [17] 
showed a weighted sensitivity of 89.2% and specificity of 91.4% to detect PFO, 
but it’s still considered for many investigators as the gold standard for PFO 
diagnosis.

According the American Academy of Neurology [20], compared with TEE, TCD 
has a sensitivity of 100% and a specificity greater than 95%.

It’s important to bear in mind the operator dependence of all ultrasound studies. 
In our experience with 55 patients studied with TCD for PFO diagnosis, we found a 
96% of positive predictive value and a 100% negative predictive value for TCD 
compared with right heart catheterization, the real gold standard. In these case series 
TTE reached the same values but after repeating the study with an experienced 
operator in 10 patients. This fact highlights the operator dependence as in all US 
proceedings.

A proper bubble TCD examination should be performed with the following tech-
nique: (a) patient at 45 °, (b) placement of a peripheral venous line in the right or left 
upper limb (ulnar vein) and placement of a 3-way stopcock, (c) continuous isonation 
of at least one middle cerebral artery, (d) contrast preparation: a syringe with 9 ml 
of isotonic saline solution and another syringe with 1 ml of air, (e) contrast stirring 
and bolus injection through the 3-way stopcock, and (f) repetition of the procedure 
with the performance of the Valsalva maneuver with a resistance of 40 mmHg [21]. 
The correct Valsalva maneuver is crucial to PFO opening and shunt demonstration.

The passage of bubbles is categorized into 4 groups: (a) negative result (without 
passage), (b) from 1 to 10 bubbles (“in drop”), (c) from 10 to 20 (“in rain”) and (d) 
more than 20 (“In curtain”), where the large number of bubbles does not allow their 
counting (Fig. 18.1).

With a similar technique, in Figs. 18.2 and 18.3, are examples of contrast TTE 
and TEE findings in PFO diagnosis.
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Fig. 18.1  TCD with stirred saline injection. Passage of “bubbles” is observed both in the spectral 
view and in M mode: (a) “drop” passage of a single bubble (less than 10 bubbles), (b) “rain” pas-
sage of more than 10 bubbles, (c) “curtain”, bubbles can’t be counted

a
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b

Fig. 18.1  (continued)

a

Fig. 18.2  Transthoracic echocardiography with stirred saline injection. Passage of “bubbles” is 
observed: (a) passage of more than 5 and less than10 bubbles, (b) passage of more than 10 bubbles, 
(c) passage of bubbles can’t be counted
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Fig. 18.3  Transesophagicechocardiography with stirred saline injection. Passage of “bubbles” is 
observed: (a) passage of more than 5 and less than 10 bubbles, (b) passage of more than 10 bubbles

b

Fig. 18.2  continued
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In our experience TCD is the most reliable examination for PFO diagnosis, if it 
is negative no further exams are requested. If it is positive TTE is the elective test 
for confirmation, leaving TEE for complex cases in which PFO anatomy is impor-
tant for clinical decisions.

�Is any Indication for PFO Screening or Closure in Divers or 
Heigh Altitude Climbers?

PFO closure is a matter of debate. The 2021 Guideline for the Prevention of Stroke 
in Patients With Stroke and Transient Ischemic Attack [22] recommendations are as 
follows:

	(a)	 In patients with a nonlacunar ischemic stroke of undetermined cause and a 
PFO, recommendations for PFO closure versus medical management should be 
made jointly by the patient, a cardiologist, and a neurologist, taking into account 
the probability of a causal role for the PFO (strong recommendation, expert 
opinion).

	(b)	 In patients 18–60 years of age with a nonlacunar ischemic stroke of undeter-
mined cause despite a thorough evaluation and a PFO with high-risk anatomic 
features, it is reasonable to choose closure with a transcatheter device and long-
term antiplatelet therapy over antiplatelet therapy alone for preventing recurrent 
stroke (moderate recommendation, moderate evidence from randomized con-
trol trials (RTC)).

	(c)	 In patients 18 to 60 years of age with a nonlacunar ischemic stroke of undeter-
mined cause despite a thorough evaluation and a PFO without high-risk ana-
tomic features, the benefit of closure with a transcatheter device and long-term 
antiplatelet therapy over antiplatelet therapy alone for preventing recurrent 
stroke is not well established (weak recommendation, limited evidence).

	(d)	 In patients 18 to 60 years of age with a nonlacunar ischemic stroke of undeter-
mined cause despite a thorough evaluation and a PFO, the comparative benefit 
of closure with a transcatheter device versus warfarin is unknown (weak recom-
mendation, limited evidence).

A recent review article about PFO closure indications [23] included diving and high 
altitude pilots in them. Another review article [24] focused in PFO and hypoxemia 
highlights the condition relevance in high altitude pulmonary edema and decom-
pression sickness, and hypothesized that some patients may have relief of symp-
toms and hypoxemia by eliminating the right-to-left shunt. An expert opinion 
editorial also agree with the above mention papers [25].

Last but not least there are three prospectives studies that demonstrate PFO clo-
sure benefit in professional and amateur divers [26–28].
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�The Controversial Aspects of Management, What we Are 
Calling the “Evidence Contour”

After reviewing most of the published literature on the subject there are some con-
clusions to be shared.

•	 First of all PFO presence worsened decompression sickness and high altitude 
pulmonary edema, as well as hypoxemia and sleep disorders in high altitude 
natural borned people.

•	 Second PFO size and anatomic conditions are closely related to clinical manifes-
tations, the larger and complex PFO the worsen clinical condition.

•	 Third, PFO screaning should be indicated in professional climbers or divers 
with, at least, one clinical event. Although I didn’t find a reference, according to 
this review, PFO searching should be bear in mind in high altitude non native 
workers (for example mine workers) with mild symptoms.

•	 Fourth PFO closure could be indicated according size and anatomic conditions 
assuming the similarity with cryptogenic stroke.
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Chapter 19
Preexisting Condition and Travel to High 
Altitude

Ranajit Chatterjee(Chattopadhyay) and Lalit Gupta

�Case Discussion

A 55 year old male had arrived for tracking of around 4000 m and climbed an alti-
tude of around 2500 m in a single day to a base camp. On night of arrival at this 
attitude he complained of sudden onset of chest pain, dyspnea, tiredness and exhaus-
tion. After few hours, patient started irrelevant talking with improper behavior like 
refusal to feed and poorly responding to verbal commands. He was immediately 
managed at campsite healthcare facility with Oxygen and I/V fluids but his condi-
tion deteriorated at the very next day and he was shifted to the base camp hospital. 
There he had an episode of seizures which was immediately relieved with no focal 
deficit. On examining, the patient had GCS of 12/15 with pulse of 110 /min, BP 
130/80 mmHg and respiratory rate of 35. Her oral temperature was around 101 °F, 
SpO2 88% on room air. The rest of the systemic examination was unremarkable. His 
lab reports were: Hb of 13.6 g/dl with TLC of 24,000, platelets count 80,000, B.Urea 
34 mg/dl, Creatinine 0.95 mg/dl, sodium 150 mEq/L, potassium 4.2 mEq/l, blood 
glucose 320 mg/dl. ABG values were suggestive of pH: 7.18, PaO2: 80 mmHg, 
PaCO2: 50 mm hg, HCO3: 14 mmol/l. ECG showed sinus tachycardia with RBBB 
and X- ray chest imperative of diffuse fine infiltrates with left lower zone opacity 
and prominent bronchopleural margins (Fig. 19.1). NCCT head was normal with 
CSF analysis also within normal limit. Baseline cultures were sent.
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Fig. 19.1  X- ray chest 
showing diffuse fine 
infiltrates with left lower 
zone opacity and 
prominent bronchopleural 
margins

On careful examination and history taking it was found, patient was a known 
case of hypertension and diabetes mellitus irregular on treatment and was also regu-
lar smoker. The diagnosis of high altitude sickness with High altitude cerebral 
edema and High altitude pulmonary edema (HACE & HAPE) was made with dia-
betic ketoacidosis keeping in mind differential diagnosis of pneumonia with 
impending sepsis. Patient was immediately started on insulin infusion and broad 
spectrum antibiotics with CVP line and arterial line were placed for better monitor-
ing. On second day of admission, GCS deteriorated to 7/15 and hypoxemia also 
increased. Patient was in respiratory distress; he was intubated, paralyzed and put 
on controlled mandatory ventilation. The blood sugars were still high around 
250 mg/dl on average. During course of admission; ABG, hypoxemia and sugar 
improved, serial chest radiograph showed clearance of infiltrate and improved 
GCS. Patient was on ventilator for around 72 h, weaned off on fourth day and dis-
charged to the ward after seventh day of admission.

Question 1  What is the probable diagnosis?

The diagnosis is high altitude cerebral edema with pulmonary edema and dia-
betic ketoacidosis.

Question 2  What approach should guide this patient’s ventilator management?

This patient is having acute pulmonary edema secondary to the high altitude and 
all such patients should be managed by protective lung ventilation strategy in order 
to avoid ventilator associated lung injury. The patient is already having high grade 
fever and X ray changes suggestive of pneumonia, so all efforts should be made to 
save the patient further from ventilator associated pneumonia. This patient was 
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started on controlled mechanical ventilation with a tidal volume of around 400 ml 
with Fi02 of 100% with PEEP around 8 cmH2O to start with and gradually increased 
to 12–15 cmH2O over the time and later on decreased to 5 cmH2O with Fi02 of 40%. 
During this period, due to the pulmonary edema, the plateau airway pressure raised 
between 28 to 32 cmH2O.

The broad spectrum antibiotics including tazobactum and meropenum were 
started immediately keeping in mind the possibility of developing sepsis. Initially 
the plan of low dose corticosteroid to start with was suggested but withhold in view 
of raised blood sugar. The patient had already been on insulin drip and it was diffi-
cult due to the stress induced hyperglycemia to maintain the blood sugar level less 
than 180 mg/dl. But as the stress controlled and hypoxia improved, the blood sugar 
level also came to the normal and remained satisfactory controlled on day fourth 
onwards. The patient was shifted to mannitol along with sliding scale insulin and 
transferred to the ward next day.

Question 3  What is high altitude cerebral edema?

High altitude cerebral edema also called HACE is a rare manifestation of high 
altitude acute mountain sickness. The patient feels lethargic, drowsy and confused 
like alcoholic intoxication and sometimes require immediate descend due to pro-
gressing hypoxemia. This condition is often associated with high altitude pulmo-
nary edema (HAPE) manifested by severe breathlessness at rest, weakness, cough 
and hypoxemia. HAPE can be even more fatal than HACE [1, 2].

Question 4  What are the pre-existing medical problems which are often seen in 
patients going for high altitudes?

Travelers with medical conditions like heart failure, obstructive sleeve apnea, 
pre-existing hypoxemia due to elements of asthma or COPD are often advised to 
have a full medical checkup before undertaking high altitude travel [1, 3]. Patient 
with well controlled medical problems generally do not decompensate at high ele-
vations. However, the patients with obstructive sleep apnea, if possible should carry 
there CPAP devices along with them with supplemental oxygen devices. Patients 
with hypertension should take their medicines regularly and should not do heavy 
activity at high altitude and should not forget to take their medicines on regular time.

While patients with diabetes can travel safely to high altitude, their blood glu-
cose should be monitored regularly because high altitude illness can trigger diabetic 
ketoacidosis as in our case and it may be more difficult to treat in those patients who 
are taking acetazolamide for acclimatization at high altitude. Moreover, glucose 
meters do not read accurately at high divisions.

Apart from that, patients with pre-existing vision disorders like radial keratomy 
procedures may develop acute farsightedness (hyperopia) and cannot take proper 
care of themselves, so they should keep their glasses along with them [3]. Other 
disorders where patient should go at higher altitude carefully with pre-existing med-
ical conditions are sickle cell anemia, pre-existing pulmonary hypertension, pre-
existing decompensated heart failure or unstable angina, history of recent myocardial 
infection in last 90 days and previously space occupying lesions in brain. Patients 
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with sickle cell disease are at high risk of painful crisis at high altitude due to hypox-
emia, cold and dehydration. They are always needed to keep supplemental oxygen 
during high altitude travel.

Question 5  What are the various medications that should be used in patients with 
pre-existing medical disease going to high-altitude?

Most commonly used drug is acetazolamide (which prevent acute mountain sick-
ness when taken before ascent as well as helps in speedy recovery). If the high 
altitude symptoms develop, it helps in reducing the respiratory alkalosis usually 
seen with high elevations while maintaining the arterial oxygenation. The second 
drug is dexamethasone, this drug is very useful in preventing HACE/HAPE. This 
drug should be taken very carefully in patients with pre-existing diabetes otherwise 
complications related to diabetic ketoacidosis may increase thus reserving this drug 
for patients particularly susceptible to high altitude pulmonary edema like the 
patients of pre-existing pulmonary hypertension and COPD.

Other medications that are of quite importance are nifidepine and phosphodies-
terase 5 inhibitors (sildenafil, tadalafil), they will decrease the pulmonary hyperten-
sion and are reserved drugs for patents susceptible for HAPE. NSAIDS like 
ibuprofen also seems to be beneficial in preventing the signs of acute mountain 
sickness. Common medication dosing and uses to prevent and treat altitude illnesses 
is as per Table 19.1 [4].

Table 19.1  Medications to treat high altitude illness in patients with preexisting medical 
conditions

Medication Use Dose Contraindications/Cautions

Acetazolamide Prophylaxis:
Acute mountain 
sickness (AMS)
HACE prevention

Oral: 2.5 mg/kg in 2 
divided doses

Hepatic and renal disorders, 
Metabolic acidosis, Diabetics, 
Pregnancy

Nifidepine HAPE prevention 
and treatment

Oral: 30 mg/12 hrly, 
sustained release tablets

Hepatic insufficiency, 
concomitant use with other 
antihypertensive drugs, GI 
ulcers

Dexamethsone Prophylaxis and 
prevention of AMS 
and HACE

Oral/ IV: 2 mg/6 hrly; 
4 mg/12 hrly

Diabetic, Peptic/GI ulcers

Sildenafil HAPE prophylaxis 
and prevention

Oral:50 mg/8 hrly Concomitant use with nitrates 
or alpha blockers, Hepatic 
disorders

Tadalafil HAPE prophylaxis 
and prevention

Oral:10 mg/12 hrly Concomitant use with nitrates 
or alpha blockers, Hepatic 
disorders

Salmeterol HAPE prophylaxis Inhalation: 125 μg of 
salmeterol/12 hrly

CAD, concomitant use with 
beta blockers and tricyclic 
antidepressant
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Question 6  What makes different peoples more or less susceptible to high altitude 
mountains sickness?

The spectrum of attitude sickness ranges from acute mountain sickness to high 
altitude pulmonary and cerebral edema with wide spectrum of manifestations in 
different people (25–85%) [5]. It has been found in some observational studies that 
women have a slightly higher risk than men. Moreover from the various studies it 
has also been seen that individuals between a 60 to 80 years. Age group have only 
16% of incidence rate which is lower than younger peoples who had incidence of 
around 45%, this is related to higher exercise intensity in youngers and hence more 
respiratory complications [5].

External forces (e.g., medicine, nutrition, exercise, etc.) and longitudinal effects 
(e.g., changes in behavior, age, etc.) can modify the severity and/or presentation of 
many traits. As the altitude increases, the individual’s ability to exercise decrease 
drastically. The oxygen saturation in blood is no longer maintained due to less oxy-
gen level at high altitude and those with pre-existing lung disease suffers more than 
those who have a good pulmonary functions due to their good exercise tolerance. 
People with previous experience of high altitude even with coexisting medical dis-
orders while going again to such areas may benefit from last travel and the premedi-
cation they learnt from last journey may also decrease the morbidity significantly.

Question 7  What are the various cardiovascular disorders associated with high 
altitude?

The most common disorder at high altitude of significant importance is hyper-
tension. It has been seen the exaggerated effect of hypertension at attitudes is not 
seen till 3000 meters; however some patients have preexisting pathological reac-
tions which result in sudden surge of hypertension [6]. The extent of pressure fluc-
tuation depends on their exercise tolerance, genetics, degree of hypoxic stress, 
ambient temperature and medications they are compliant with. Always remember 
that hypertension is an independent risk factor for sudden cardiac death during 
tracking in patients with poorly controlled blood pressure. They should measure 
their blood pressure at regular intervals at high altitude end reserve medication 
should be kept as per their physicians advise. If hypertension is not controlled alpha 
adrenergic blockers are the drugs of choice at high attitude. Patients taking diuretics 
should think of substituting with another class of antihypertensive as diuretics may 
cause dehydration and electrolyte depletion. Furthermore, beta blockers should be 
taken with caution as they limit the heart rate response with increase physical activ-
ity at high altitude and may interfere with body’s thermoregulatory mechanism of 
maintaining heat or cold.

Apart from hypertension, acute coronary artery disease is another cause of death 
at high altitude [7]. Acute hypoxia, dehydration, old environment leading to vaso-
constriction and variability in heart rate with raised blood pressure may cause unsta-
ble angina or sometimes cardiac arrhythmias in high risk individuals at high altitude. 
Oxygenation in stenotic arteries significantly reduces at high altitude directly lead-
ing to further worsening of coronary artery disease. It is recommended that physical 
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activities should be limited for duration of 3–5 days of acclimation. Persons with 
symptomatic heart failure or previous history of decompensated heart disease 
should give proper attention to the food balance and should monitor closely for 
signs of fluid retention while avoiding dehydration too. If there is impending chance 
of heart failure, the dose of acetazolamide may be adjusted in advance along with 
diuretics.

Sometimes at high altitude, ECG may show the changes of pulmonary hyperten-
sion which resolve with descend to the lower attitude [8]. Various types of arrhyth-
mias related to increased heart rate may be evident during high altitude. Patients 
with left or right bundle branch block should be very cautious while going to the 
high altitude. Similarly for patients with congenital heart disease specifically asso-
ciated with pulmonary hypertension, high altitude exposure is contraindicated. 
However if travel is necessary, symptomatic patients with congenital heart disease 
should take proper precautions for developing high altitude pulmonary edema and 
must take the nifedipine prophylactically to reduce their risk. Nifedipine reduce 
chest tightness and make breathing easier. It’s also often part of an expedition’s 
medical supplies.

Question 8  What are the various respiratory disorders associated with high 
altitude?

It should always be remembered that patients with COPD or allergic to cold 
atmosphere or previously hypoxemic from any respiratory illness sometimes 
develop high altitude pulmonary edema even at the lower elevations than younger 
people [9]. The decreased ventilatory response is usually the by result of decreased 
carotid body response due to chronic hypercapnia in such patients. Warm environ-
ment also result in pulmonary vasoconstriction and increased mean artery pres-
sure, the smokers may have elevated levels of carboxy-hemoglobin and all these 
when associated together may cause performed hypoxemia, pulmonary hyperten-
sion, sleep disorder, laboured breathing and high altitude pulmonary edema. If 
there is an emergency and some patient has to go with such type of disorder to 
high altitude, he must undergo risk assessment test with proper prior pulmonary 
function tests and should ascend with caution to minimize the risk of adverse 
effects.

Patients of respiratory disorders should avoid exercise at high altitude and should 
learn self-respiratory physiotherapy. They should start spirometry and should halt 
smoking as long as possible before going for high altitude. Maintenance of hydra-
tion is very important to avoid problems associated with thickened mucus secretions 
[10]. Similarly there are increased chances of bronchial asthma due to bronchial 
hyper responsiveness because of cold and hypoxic air at high altitudes with 
decreased humidity. Bronchoconstriction at high altitude secondary to low baromet-
ric pressure may sometimes exaggerate hypoxemia leading to hypoxic pulmonary 
edema. The highest risk patients are those who are on inhaled bronchodilators and 
therefore should not be forgotten to take their bronchodilators along with supple-
mentary oxygen when going to high altitudes. Any type of exertion should be 
avoided and they should not do excessive hyperventilation.
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Similarly patients with obstructive sleep apnea and interstitial disease are at high 
risk of developing respiratory failure at high altitude patients [11]. Those who are 
using positive airway pressure methods at sea level may need to adjust their pres-
sure settings to accommodate for decrease in barometric pressure at high altitude. If 
a patient of obstructive sleep apnea chooses for high altitude, it is reasonable to 
adjust to adjust the pressure setting of positive airway pressure device to accom-
modate for the decrease in barometric pressure at altitude [12].

Question 9  What are the various endocrine disorders that should be taken care at 
high altitude?

Diabetes is an independent risk factor for sudden cardiac death associated with 
high altitude mountain hiking [13]. While it has been seen that type-1 diabetes accli-
matize well, there is little evidence to suggest that they are relative immune to atti-
tude illness [14]. Always remember attitude exposure, moderate exercise with good 
glycemic control is all needed for such patients. There is high chances of deranged 
blood sugar at high altitude because of decrease in metabolic control as evident by 
elevation of HbA1C and Insulin requirements. There is reduced insulin sensitivity 
with altered carbohydrate intakes and irregular exercise leading to development of 
poor blood sugar maintenance. Strenuous physical activity, decreased ambient tem-
perature, nausea vomiting like GI symptoms of acute mountain sickness predispose 
diabetic Mountaineers to hypoglycemia requiring adjustment in insulin dose [15]. If 
a patient at high altitude develops pulmonary edema, it acts as another independent 
trigger for diabetic ketoacidosis in previously undiagnosed diabetic or well con-
trolled diabetic patient. Also remember that inappropriate insulin dose, decreased 
calories, altered metabolism and exercises along with acetazolamide prophylaxis 
are independent factors for ketoacidosis. If patient takes dexamethasone like ste-
roids, it may further aggravate the risk of glycemic irregularities at high altitude.

Precise energy intake and expenditure with frequent blood glucose monitoring 
should be done and flexible insulin dosing as imperative must be employed. Insulin 
vials may be sensitive to heat and cold and thus should be stored carefully to prevent 
it from freezing. All diabetic patients should be carefully screened for complica-
tions at sea level that could increase the risk associated with exercise or exposure to 
high altitude. Obesity along with diabetes is another risk factor at high altitude and 
may lead to obesity hypoventilation syndrome leading to further aggravation of 
metabolic disorders. Diabetic Retinopathy is a relative contraindication for such 
high altitude journey for risk of retinal hemorrhage at height more than 5500 m [16].

Question 10  What are the various neurological disorders to be taken care at high 
altitude?

The most important complications at high altitude are altitude related seizures 
that are believed to be the result of respiratory alkalosis, hypoxemia, sleep depriva-
tion, and drugs lowering the seizure threshold like fluoroquinolones [17]. The risk 
of stroke at high altitude may be increased sometimes because of hyper viscosity 
syndrome of high altitude secondary to dehydration, cold atmosphere, inactivity 
and polycythemia. Always remember that travel to high altitude is contraindicated 
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Table 19.2  Checklist of recommendations for safe travel to high altitude

1. (a) Medical advice before starting the trip.
(b) Avoid travel in acute illness or with recently diagnosed new illness

2. Ensure optimal fitness/ exercise tolerance/preemptive spirometry
3. (a) Check interactions of currently using drugs with medications commonly used to treat 

altitude-related illness.
(b) Avoid sedatives and opioid based cough suppressants.
(c) Calibrate BP apparatus and glucometers

4. Keep your positive airway pressure device and oxygen supplement if previously using 
them.

5. Keep extra doses of regular medicine and separate doses of emergency medicines.
6. If possible, travel in a group or with a partner
7. Inform and educate travel companions about relevant medical conditions with written/oral 

instructions for emergency situation
8. Maintain healthy nutrition and adequate hydration
9. 1. Do not ascend very fast and give time for acclimatization.

2. Do not overexert yourself. Only mild exercises for the first 48 hours.
10. Call for help or descend to lower altitude immediately with the onset of symptoms.

for a 90 day period of post ischemic attack and if there is deemed necessary to travel 
to high altitude, all clinical situation and full physician estimation of stroke risk 
should be taken [18]. In some case, high altitude people also complained of migraine 
(with altered frequency, severity, and character) along with fever which sometimes 
confuse the diagnosis of high altitude meningitis [19].

Question 11  What is essential checklist for people traveling to high altitude with 
preexisting medical conditions?

Many people with preexisting medical conditions with proper planning and pre-
cautions, can safely take travel to high altitude [20] (Table 19.2).

�Conclusion

Travelling to destinations at high altitude can be exciting, challenging, rewarding 
and sometimes life threatening too. All persons traveling to high altitude should be 
familiar with standard ascent and acclimatization protocols. They should have a 
physician checkup for identifying the possible risk of developing symptoms of high 
altitude illness. If they have the pre-existing medical conditions of cardiovascular 
system or respiratory system or related to their seizures activity they should adjust 
their drug doses with proper planning and precautions. Physician and patient must 
work together in coherence to plan a rational and informed approach for a safe and 
happy high altitude journey.
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Chapter 20
Working at High Altitude

Kanwalpreet Sodhi, Ruchira Khasne, and Atul Phillips

�Case Presentation

A 52-year-old male with hypertension on vacation in Leh-Ladakh (3500–6000 m 
height above sea-level) in India, had a road traffic accident and suffered a fracture 
to the right tibia-fibula. He is posted for open reduction internal fixation.

�How Should this Patient Be Managed?

Major challenges in management of this patient are related to high altitude (HA) 
related physiological issues in the body and the equipment related issues that are to 
be used during surgical intervention for fracture fixation. Poor physiological reserve 
and low tolerance to compensate for blood loss during perioperative period places 
this patient at a high risk. After initial resuscitation, regional anesthesia should be 
provided for the surgery. While on one hand, a high risk of perioperative bleeding 
and poor tolerance to blood loss is present, on the other, polycythemia poses a high 
risk of perioperative thrombotic events.
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�Standard Approach and Concerns of Management

�What Are the Challenges in Health Care worker’s (HCW’s) 
Health while Working at High Altitude?

Working at HA is a challenging task for HCWs where the body is subjected to an 
essentially isolated hypoxic challenge. Low barometric pressures and decreased 
oxygen tension have their physiological effect on both acclimatized and un-
acclimatized HCWs. At HA, a linear fall in atmospheric PO2 leads to decrease in 
alveolar (PAO2) and arterial (PaO2) partial pressures of oxygen respectively, result-
ing in a reduction of oxygen delivery (DO2) [1]. If the body is gradually exposed to 
increasing altitude, it can adapt to these changes which is called “acclimatization”. 
Acclimatization refers to an array of beneficial changes that occur in the body in 
response to hypoxia at HA, wherein one can function normally and restore DO2 
as well.

�What Is Acute Mountain Illness (AMS)?

The rate of ascent and the level of altitude determines altitude-related illnesses, 
which vary from mild AMS to potentially lethal high-altitude pulmonary oedema 
(HAPE). AMS is a benign form of altitude illness with self- limiting symptoms, 
developing after 6–12 h of ascent and improving within 2–3 days. Headache is the 
most common presenting symptom. Lake Louise AMS scoring system is used to 
assess the severity of AMS [2].

Lake Louise AMS scoring
•	 Recent ascent within last 4 days (>2500 m)
•	 Headache
•	 Presence of more than one symptom and each symptom is scored from 0–3 based 

on severity (none = 0, mild 1, moderate 2, severe 3): headache, gastrointestinal 
disturbance, insomnia, fatigue or weakness, dizziness or light-headedness

•	 (Mild AMS: Score of 3–5; Severe AMS: Score of >6)

HAPE is a type of non-cardiogenic pulmonary oedema occurring after rapid 
ascent due to exaggerated hypoxic pulmonary vasoconstriction (HPV) and elevated 
pulmonary artery pressure. It is characterized initially by dry cough, dyspnea, 
tachycardia, tachypnoea and crepitations. In later stages, hemoptysis, orthopnea and 
mental confusion can occur. Electrocardiography may reveal right ventricular strain 
or hypertrophy. When symptoms of AMS rapidly worsen developing encephalopa-
thy characterized by ataxia and altered consciousness with diffuse cerebral involve-
ment but generally without focal neurologic deficits then it is known as high-altitude 
cerebral oedema (HACE). It may be associated with papilledema and retinal hemor-
rhages [3].
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Though pharmacologic prophylaxis may reduce symptoms of AMS but “con-
trolled ascent” is the most effective preventive strategy. Drug of choice for AMS 
prevention is acetazolamide which is to be taken 1 day before ascent and to be con-
tinued for 2 or 3 days. It acts by carbonic anhydrase enzyme inhibition in the renal 
tubules causing a bicarbonate diuresis, and metabolic acidosis which stimulates 
ventilation and hastens respiratory acclimatization. However, it is contraindicated in 
people with sulfa allergy.

The mainstays of the treatment of AMS are descent from HA and oxygen supple-
mentation. Patents with milder symptoms of AMS ((Lake Louise score < 4) do not 
need to be removed from HA. With adequate rest, hydration and symptomatic treat-
ment, most symptoms of AMS resolve as acclimatization takes place. However, for 
symptoms which are moderate to severe (Lake Louise score >5) modest descent 
(>500 m), aided by combination of therapies with acetazolamide (higher doses may 
be required for HACE and HAPE), dexamethasone, analgesics and supplemental 
oxygen maybe required. Dexamethasone exerts an anti-inflammatory effect by 
reducing the production of reactive oxygen species and attenuation of hypoxic pul-
monary vasoconstriction.

If AMS is severe and immediate descent is not possible, hyperbaric chambers 
(Gamow bags) as simulation of descent is used. Pulmonary vasodilators such as 
nifedipine or sildenafil can reduce pulmonary hypertension which helps to prevent 
and reduce symptoms in AMS [4].

�What Physiological Changes Might Affect the Management 
of the Patient?

The physiological changes that the human body can adapt to and endure the changes 
in pressure due to HA has baffled physiologists and has remained an interesting area 
of research for many. Hyperventilation is most common physiological response to 
acclimatization. Acclimatization is achieved by body’s physiological changes in 
cerebral vasculature, cardio-pulmonary system, fluid and electrolytes, hematologi-
cal and temperature regulation. (As per Table 20.1) [5–14].

�What Are the Challenges in the Intra and Postoperative 
Management of Patient?

The working environment in HA becomes challenging when acclimatization is not 
optimal. Following are the intra and post-operative challenges:

•	 Concerns for altered physical characteristics of respiratory gases and inhaled 
anaesthetic agents and calibration of equipment.

•	 Choice of anesthesia: The choice between administering general or regional 
anesthesia is dictated by the clinical scenario. General anesthesia is more 
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Table 20.1  Pathophysiological changes at high altitude

System involved Pathophysiological response

1 Central Nervous 
System

• Increase in cerebral blood flow
• Raised intracranial pressure (ICP)
• Altered behaviour, drowsiness
• Incoordination and lack of judgment
• Sleep–speech disturbances
• Unconsciousness
• Seizures

2 Cardiovascular 
system

• Tachycardia and hypertension due to increased sympathetic nervous 
activity
• Increased blood volume by 30%
• Increased erythropoiesis
• Hematocrit increases from 40 to 65%
• Local vasodilation due to tissue hypoxia
• High altitude Pulmonary HTN (HAPH) due to hypoxic pulmonary 
vasoconstriction, pulmonary vessel remodeling, right ventricle 
hypertrophy
• ECG changes: Arrhythmias, AV block
• Hypotension
• Negative inotropism

3 Respiratory 
System

• Reduced PiO2 (partial pressure of oxygen in inspired gas)
• Reduced ambient pressure
• Reduced gas density
• Hyperventilation and increased minute ventilation (hypoxic ventilatory 
response): With sudden exposure to hypobaric pressure, the decreased 
alveolar PO2 stimulates the peripheral chemoreceptors in the carotid and 
aortic bodies
• Increased diffusion capacity (normal 2.1 ml/mmHg/min)
• Reduced oxygen gradient leading to ventilation perfusion mismatch
• Hypoxia induced hyperpnea: Leftward shift of oxygen dissociation 
curve facilitating the release of oxygen to the tissues
• Pulmonary edema: Most commonly neurogenic pulmonary edema due 
to increased hydrostatic pressure, increased pulmonary vascular 
permeability, coagulation defect, increased oxygen free radicals and 
increased autonomic activity

4 Renal system • Rise in erythropoietin
• Increase in the hematocrit and blood viscosity
• Reduction in renal blood flow & GFR

5 Hematological 
changes

• Increased Fibrinogen, platelet factor V and VIII and platelet factor 3 are 
high
• Increased risk of venous and arterial thrombosis
• Platelet levels decrease, increased platelet aggregation and increased 
soluble platelet (sP) selectin levels by approximately 250%

6 Temperature 
regulation

• Risk of exposure to ultraviolet radiation
• Exposure of extremes in temperature causing thermal injuries or 
hypothermia and cold injury such as frostbite.

challenging but even regional anesthesia is not free from its perils. Higher 
incidence of post-dural puncture headache after spinal anesthesia has been 
reported due to higher CSF pressure, decrease in alveolar ventilation, 
hypoxia and dehydration leading to inadequate decompensation for CSF 
leak [15].
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•	 Drugs: Local anesthetics have shorter duration of action. Opioids suppress pul-
monary hyperventilation which is an important compensatory mechanism for 
low oxygen tension and have an exaggerated respiratory depressant effect with 
higher chances of hypoxia and cyanosis. Therefore, supplemental oxygen is 
mandatory in case of any heavy sedation with hypnotics, narcotics, or other 
drugs [15].

•	 Intravenous (IV) fluids or blood products: All blood products and IV fluids 
should be warmed to body temperature before transfusion to avoid hypothermia. 
There is a risk of developing pulmonary edema, so IV fluids should be used judi-
ciously to avoid fluid overload.

•	 According to Boyle’s law, the volume of gases can change with changes in pres-
sure, other additional concerns in certain situations such as during ascent a 
simple pneumothorax may expand to become tension pneumothorax, intestinal 
gas may expand to rupture a hollow viscus and an additional risk of gas 
embolism.

•	 Higher chances of oozing from wounds even with lower arterial pressure: 
related to polycythemia and coagulation abnormalities. Higher blood volume, 
increased venous pressure, vasodilation, increase in number of capillaries 
and capillary fragility have been noted in natives of HA.

•	 If the need arises to provide cardiopulmonary resuscitation, due consideration to 
scene safety, safety of rescuer, and hypothermia as a cause of arrest should 
be given.

•	 HA can cause postoperative cognitive and psychomotor dysfunction.
•	 Hypoxia can worsen patient’s anxiety and pain which may mandate the need of 

continuous oxygen supply

�What Are the Issues with the Medical Equipment while Working 
at High Altitudes?

Following are the major issues with the operating efficiency of medical equip-
ment at HA:

•	 Vaporizers: Volatile agents vaporize more rapidly at HA due to decrease in the 
boiling point and delivers approximately 10% more. Variable-bypass vaporizers 
automatically compensate for changes due to HA because they put out a partial 
pressure that is determined by the position of the dial but it is not applicable to 
(Tec-9) desflurane vaporizers. At HA, the partial pressure of desflurane will be 
lower at a given vaporizer setting (volume percent) than at sea level, leading to 
under dosing of the anesthetic and to prevent this, a higher concentration of the 
dial is set to attain the same clinical effect as at sea level with desflurane (Tec-9) 
vaporizer. The following equation can be used to account for HA:

[Required vaporizer setting  =  (Desired vaporizer setting at sea 
level × 760 mmHg)/(barometric pressure in mmHg)] [16]
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•	 Gas flowmeters: The oxygen and other flowmeters are calibrated at sea level but 
the actual flow of gases through standard rotameters is higher than indicated at 
HA due to reduced gas density. The estimated error is @ 1% for every 1000m 
accent [17].

•	 Ventilator performance: Clinicians should be aware about the ventilator perfor-
mance and its limitations to provide safe and effective ventilation especially dur-
ing air transport. Certain ventilators compensate ventilator output to deliver the 
desired tidal volume regardless of changes in altitude and barometric pressure 
but others do not compensate for changes in altitude resulting in delivery of 
increasing tidal volumes with falling barometric pressure [18]. Most of the com-
mercial ventilators failed at HA, delivering tidal volumes with up to 40% error 
from the set volume [19]. Altitude compensation is an active software algorithm 
incorporated into high-end ventilators.

•	 Syringe infusion pumps: Hypobaric conditions cause unpredictable, unintended 
higher drug delivery in pumps by bubble formation and expansion of existing 
bubbles. Insulin infusion therapy may thereby lead to unexpected hypoglycemia. 
This holds true for low-weight syringe infusion pumps also which deliver dis-
continuous flow. More prudence is required when drugs with a narrow safety 
margin such as vasoactive agents are being used where slight changes in admin-
istered volumes may lead to substantial hemodynamic changes [20, 21].

•	 Capnograph: Capnographs may show erroneous readings due to errors in cali-
bration or sample line disconnections (due to development of air leaks). Regular 
recalibration and re-programming of the electronic equipment is needed with 
changes in altitude. Monitors designed for routine clinical use may be unsuitable 
for use at HA [22].

•	 Pulse oximeters: The pulse oximeters may show a decrease in saturation values 
below 70% to 75% which may be due to device errors or as a result of low base-
line oxygen saturation in healthy individuals at HA [23]

•	 BP monitors: HA do not affect the accuracy of oscillometric noninvasive blood 
pressure monitors or manual sphygmomanometers.

•	 Pressure transducers: Pressure transducers are a form of electronic strain gauge 
which is vented with one side of the diaphragm and exposed to atmospheric pres-
sure on one side and exposed to the patient’s blood pressure/central venous pres-
sure by a column of fluid. When zeroing the transducer, we are simply exposing 
both sides of the transducer to the same pressure, thus while zeroing, the altitude 
is irrelevant.

•	 Medical equipment that have an enclosed air space is affected due to the impact 
of Boyle’s Law e.g. endotracheal tube cuffs and intravenous lines with flow 
driven by air-filled pressure bags.

•	 Power recovery and gas pressurization system of high-altitude diesel engines: At 
higher altitude, as air is not as good an insulator as it is at sea level, the creepage 
and clearance of the power supply has to take this into account.
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�Evidence Contour

Although there is not much literature available on the working of medical equip-
ment at HA, following are the tips for acclimatization and medication dosing to 
prevent and treat altitude illness as per CDC and Wilderness Medical Society con-
sensus guidelines [24, 25].

Tips for acclimatization
•	 Ascend gradually, avoiding rapid climbs (not more than 2750 m/day) without 

steep elevation. Once above 2750 m, more elevation no higher than 500 m/day.
•	 Consider using acetazolamide to speed acclimatization if abrupt ascent is 

unavoidable.
•	 Avoid alcohol for the first 48 h; continue caffeine if a regular user.
•	 Participate in only mild exercise for the first 48 hours.
•	 Having a high-elevation exposure (greater than 2750 m) for 2 nights or more, 

within 30 days before the trip, is useful, but closer to the trip departure is better.

Recommended medication dosing to prevent and treat altitude illness: [26]

• AMS prevention Acetazolamide: 125 mg twice a day; 250 mg twice a day if 
>100 kg.
Paediatrics: 2.5 mg/kg every 12 h

• AMS treatment Acetazolamide: 250 mg twice a day
Paediatrics: 2.5 mg/kg every 12 h

• AMS, HACE prevention Dexamethasone: 2 mg every 6 h or 4 mg every 12 h
Pediatrics: Should not be used for prophylaxis

• AMS, HACE treatment AMS: Dexamethasone 4 mg every 6 h
HACE: Dexamethasone 8 mg once, then 4 mg every 6 h
Pediatrics: Dexamethasone 0.15 mg/kg/dose every 6 h up to 
4 mg

• HAPE prevention and 
treatment

Nifedipine 30 mg SR version every 12 h

• HAPE prevention Tadalafil 10 mg twice a day Sildenafil 50 mg every 8 h
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Chapter 21
High Altitude Sickness Not a Challenge but 
a Risk

Souvik Mukherjee

Being hit by acute mountain sickness made me realize that it can happen to anyone.
I was leading a trek to Kalindi Khal. The day before going to the Kalindi Khal 

we were on acclimatization hold at Vasuki Taal. My SpO2 (Oxygen Saturation) 
level was 99%. My pulse rate was 67.

With Gods grace weather cleared up quite a bit on the pass crossing day. It was 
extremely sunny, and the entire trail was covered with 2–3 feet of snow.

We started the pass crossing climb at 6:08 a.m. towards Khar Pathar at 17,000 Ft.
While Progressing ahead, realized that around 3 trekkers were too slow and were 

lagging behind.
So, to check on them I quickly went 1 km up towards the pass. It was a 15 min-

utes’ walk up again.
After a while I got a throbbing headache and I started feeling pukish. The head-

ache soon turned severe. It was a 9 on a scale of 1 to 10. I was extremely fatigued, 
dehydrated, and hungry at that time.

I immediately took Paracetamol 650 and Pan-D started munching some choco-
lates. Because of my condition I took the call of reshuffling the team. I went ahead 
with the lead guide descending as quickly as possible. My SpO2 level was around 
90% at the altitude of 16,250 ft.

As I reached back at Meru Glacier campsite, I ate some more snacks, and 
hydrated self and rested for 1 h. By then the headache had subsided considerably. I 
was still feeling fatigued.

My SpO2 level came up to 95% at 14,000 ft. By night time my headache and all 
other symptoms had subsided.

An incident like this makes me realize how AMS can hit anyone. I have been in 
a high-altitude region for quite some time. I had even done a recce of the Kalindi 
Khal acclimatization trail up to 16,000 ft. on previous day and day before.

S. Mukherjee (*) 
Center of Exellence, Ghaziabad, India
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What went wrong was not eating enough breakfast and lunch on the glacier 
crossing day. I also drank very little water till I reached the 17,000 Ft.

When you have varicose veins, your mind is consistently searching for answers. 
You may find yourself looking for clues about what helps you to feel more comfort-
able, and about what causes discomfort to increase. We often look at factors such as 
weight and how long we sit or stand, but did you know that there may also be a 
correlation with the presentation of venous insufficiency and where you are located 
at any given moment?

�Things Are Heating up

It is common for people to look at the ways that cold weather affects the body. Joints 
seem to get a little more creeky and cranky when the temperature drops. When it 
comes to veins, though, pay attention to how you feel when things heat up. Some 
studies indicate increased symptoms and complications with varicose veins in 
warmer temperatures. These include not only that sense of pressure, but also cramp-
ing in the leg muscles, swelling, and itching.

�Knowing your Risks and Acting Accordingly

So, if varicose veins become more symptomatic in hot weather, the next step is to 
take appropriate action. This does not mean staying indoors in the nice, cool, air-
conditioning. Physical activity is integral to managing vein health. To offset the 
effects of heat, experts recommend taking extra care to hydrate. When we drink 
plenty of water, we have more water and salt running through the body; its muscles 
and tissues, and even the blood. Hot weather makes us sweat, which decreases salt-
levels, which causes the body to retain fluids. Fluid retention equals swelling. 
Swelling means pooling blood. You see the pattern.

�Going to New Heights

We’re relatively safe from exorbitant heat now that summer is behind us, but many 
people may be planning a winter vacation that will take them to new heights. 
Heading up to the top of a mountain, or traveling by plane to see loved-ones, may 
feel unnerving if you’ve heard that altitude will affect the presentation of varicose 
veins. Fortunately, this is more myth than fact. Yes, flying could cause varicose 
veins to feel more “pent-up” or swollen. However, experts believe that he may have 
much more to do with the lack of movement than altitude. If you plan to fly, take 
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time to walk during layovers, or before and after flights. Also, when possible, get up 
and move around the cabin to prevent stagnation in the lower extremities.

�A Beginner’s Guide to Acute Mountain Sickness

Picture this, you’re enjoying a beautiful trek through a Snow line above 12,000 Ft 
when suddenly your partner complains of a headache and feels a little dizzy. You get 
to your Camp site and he doesn’t feel like eating anything. Sound familiar? He 
might be suffering from Acute Mountain Sickness or AMS. AMS is one of the most 
common risks that trekkers face while trekking at high altitudes. This usually occurs 
at altitudes above 2500 m and is the degradation of health due to the gain in altitude 
(Pictures 21.1, 21.2, 21.3, 21.4, 21.5, 21.6 and 21.7).

Picture 21.1  Himalayan 
Glacier, Picture courtesy 
of: Souvik Mukherjee

Picture 21.2  Himalayan 
Glacier, Picture courtesy 
of: Souvik Mukherjee
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Picture 21.3  The peak as 
in heaven, Picture courtesy 
of: Souvik Mukherjee

Picture 21.4  The trail, 
Picture courtesy of: Souvik 
Mukherjee

Why does it happen? When one gains altitude, the density of air reduces corre-
spondingly reducing the amount of oxygen absorbed by the lungs with each breath. 
AMS occurs as the body does not have time to adjust to this reduction of oxygen. 
Mild AMS is a common phenomenon, and the symptoms are usually easy to identify.
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Picture 21.5  The Trail, 
Picture courtesy of: Souvik 
Mukherjee

Picture 21.6  The tent, 
Picture courtesy of: Souvik 
Mukherjee
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Picture 21.7  The tireless climber, Picture courtesy of: Souvik Mukherjee

By far the best method to prevent AMS is through a process known as acclimati-
zation however, Drugs such as Diamox are effective at reducing the symptoms.

Acclimatization is the process in which an individual adjusts to a change in its 
altitude, allowing it to maintain performance across a range of environmental condi-
tions. Some basic principles for acclimatization are:

Don’t gain altitude too fast i.e. maintain a slow pace while trekking at high 
altitudes

•	 Avoid exerting yourself for the first 24 h at a high altitude
•	 Take one acclimatization or rest day for roughly every 900 ft. gain in altitude
•	 “Climb High and sleep low.” You can climb more than 1000 feet (305 m) in a day 

as long as you come back down and sleep at a lower altitude.
•	 Stay properly hydrated. Acclimatization is often accompanied by fluid loss, so 

you need to drink lots of fluids to remain properly hydrated (at least 3–4 L/day). 
Urine output should be copious and clear.

•	 Avoid gaining altitude if you have some symptoms of AMS.
•	 Keep in mind that different people will acclimatize at different rates and the 

group must ensure that everyone is properly adjusted to the altitude before mov-
ing higher.

There are more to it from the Medical point of view. Above are from my experience 
as an High Altitude trekker for 20 plus years. Have been affected by AMS and have 
witnessed and rescued few seasoned trekkers as well. High Altitude Sickness should 
not be taken lightly, Every trekker or Mountaineer must know the symptoms to 
prevent further deuteration.
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A Lone Ranger
Souvik Mukherjee
I am Project Management Professional in the field of Risk & Compliance with 

HCL Tech. Been a Mountaineer and Search & Rescue Specialist have served Indian 
Armed Forces.
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