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Preface

This new edition of High Altitude Medicine and
Physiology incorporates some major changes. First,
Michael Ward has retired after spearheading the first
three editions. Indeed it was his previous book,
Mountain Medicine, which provided the initial impe-
tus for this text which has enjoyed considerable suc-
cess as a standard work in the area. With Michael’s
departure, Robert ‘Brownie’ Schoene has joined us
thus adding new young blood. The three of us 
previously worked extensively together at high alti-
tude during the 1981 American Medical Research
Expedition to Everest and this makes a nice compar-
ison with the three original editors who were
together on the 1960–61 Silver Hut Expedition.

Brownie Schoene is well known to physicians and
physiologists interested in high altitude. He has
studied the control of ventilation at high altitude,
particularly the importance of the hypoxic ventila-
tory response for tolerating extreme altitude. In
addition, with Peter Hackett, he carried out some
remarkable investigations high on Denali where
climbers with high altitude pulmonary edema con-
sented to bronchoalveolar lavage. These bold studies
showed that the alveolar fluid had a very high pro-
tein concentration and contained numerous cells
thus proving that it was a high permeability type of
edema caused by damage to the pulmonary capil-
laries. His expertise in high altitude medicine and
physiology complements that of the other two edi-
tors very well.

In addition to this change in editors, there have
been major changes in the scientific content of the
book with updates in many areas. Since the last 
edition, the area of genetics has assumed great
importance along with other advances in molecular
biology and medicine. There are now numerous
allusions to these topics throughout the text, particu-
larly in the areas of mechanisms of oxygen sensing,
regulation of the pulmonary circulation particularly

hypoxic pulmonary vasoconstriction, adaptation
of permanent residents of high altitude, and toler-
ance to extreme altitude. It was thought preferable
to deal with genetic and molecular mechanisms
throughout the text rather than have a specific
chapter devoted to them. Other areas where exten-
sive updating has occurred include sections on
women and children at high altitude, the role of
vascular endothelial growth factor, neurological dis-
orders at high altitude, athletic training using high
altitude, recent work on high altitude pulmonary
edema, and the problems of patients with existing
diseases who plan to go to high altitude.

All this new information could substantially
increase the size of the book but we have tried to
avoid this by prudent pruning. For example, we
have reduced the length of the sections on cold
injury. Although this topic can be important at high
altitude, injuries caused by cold are certainly not
limited to this environment. Cold injury was one of
the primary interests of Michael Ward, and in this
new edition we have attempted to include sufficient
information to inform people who go to high alti-
tude about prevention and treatment without going
into as much detail as in the previous editions.

In addition to these substantial changes in scien-
tific content, a number of formatting changes have
been made to make the book easier to read. We have
kept the summaries at the beginning of each chap-
ter but these have been highlighted to make them
clearer. Additional tables have also been incorpo-
rated; for example, dealing with the features and the
treatment of some of the most important high alti-
tude diseases including acute mountain sickness,
high altitude pulmonary edema, and high altitude
cerebral edema.

Finally, the rapid pace of advances in the area of
high altitude medicine and physiology clearly justifies
a new edition. In the six years since the last edition



appeared there have been several international 
meetings of the International Society for Mountain
Medicine, various international Hypoxia meetings,
and a welter of new material appearing in journals.
The journal High Altitude Medicine and Biology
which had just begun publication when the last
edition appeared has now become established as
the international journal in the field.

Increasingly, lowlanders go to high altitude to
trek, ski or climb, and there is also a large increase
in the number of people who now work at high alti-
tude, for example in mines or with telescopes. Even
more important perhaps is the large population of
permanent residents of high altitude who have 

generally received short shrift in the past partly
because many are in poorly developed countries.
However, there is presently a great increase in inter-
est in diseases such as chronic mountain sickness
and high altitude heart diseases of residents. Our
hope, as was the case for previous editions of this
book, is that it will continue to improve the health
and safety of all people who visit, live or work at
high altitude.

John B. West
Robert B. Schoene
James S. Milledge

viii Preface
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Conversion tables

Table F.1 Conversion of pressure units mmHg
(millimeters of mercury) to kPa (kilopascals)

mm Hg kPa

1 0.133
10 1.33
20 2.67
30 4.00
40 5.33
50 6.67
60 8.00
80 10.7

100 13.3
200 26.7
300 40.0
500 66.7
700 93.3
760 101.3

1 torr � 1 mmHg

Table F.2 Conversion of height units and barometric
pressure according to the ICAO Standard Atmosphere. Note
that in the great mountain ranges the actual pressure will
usually be higher than given by the table (Chapter 2)

Altitude

m ft Pressure mmHg

0 0 760
1 000 3 281 674
2 000 6 562 596
3 000 9 843 526
4 000 13 123 462
5 000 16 404 405
6 000 19 685 354
7 000 22 966 308
8 000 26 247 267
9 000 29 258 231

Table F.3 Conversion of temperature units, °C (degrees
Celsius) to °F (degrees Fahrenheit)

°C °F

�40 �40
�30 �20
�25 �13
�20 �4
�15 5
�10 14
�5 23

0 32
5 41

10 50
15 59
20 68
25 77
50 86
35 95
40 104

Table F.4 Conversion of energy units, kcal (kilocalories)
to kJ (kilojoules)

kcal kJ

50 209.4
100 418.8
250 1 047
500 2 094

1 000 4 188
2 000 8 375
3 000 12 563
4 000 16 750
5 000 20 938
6 000 25 126
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A–a alveolar–arterial

ACE angiotensin converting enzyme

ADH antidiuretic hormone

AFC alveolar fluid clearance

AMREE American Medical Research Expedition

to Everest

AMS acute mountain sickness

ANP atrial natriuretic peptide

AVP arginine vasopressin

BAL bronchoalveolar lavage

BCAA branched-chain amino acid

BMR basal metabolic rate

BP blood pressure

BTPS body temperature, ambient pressure,

saturated with water vapor

CBF cerebral blood flow

CCK cholecystokinin

CMS chronic mountain sickness

CNS central nervous system

COPD chronic obstructive pulmonary disease

CSA central sleep apnea

CSF cerebrospinal fluid

CT computerized tomography

DCO diffusing capacity of carbon monoxide

DLCO diffusing capacity of the lung for 

carbon monoxide

2,3-DPG 2,3-diphosphoglycerate

ECF extracellular fluid

ECG electrocardiogram

EEG electroencephalogram

EMG electromyogram

eNOS endothelial nitric oxide synthase

EPO erythropoietin

ERPF effective plasma renal flow

ESQ Environmental Symptom 

Questionnaire

ET-1 endothelin-1

FEV1 forced expiratory volume in 1 s

FSH follicle stimulating hormone

FVC forced vital capacity

HACE high altitude cerebral edema

HAGA high altitude global amnesia

HAPE high altitude pulmonary edema

HCVR hypercapnic ventilatory response

HIF-1α hypoxia-inducing factor 1α
HVR hypoxic ventilatory response

IH intermittent hypoxia

IUGR intrauterine growth retardation

LH luteinizing hormone

LHTL living high, training low

LVF left ventricular failure

MRI magnetic resonance imaging

MVV maximal voluntary ventilation

NO nitric oxide

17-OHCSs 17-hydroxy corticosteroids

OSA obstructive sleep apnea

PA,CO2 alveolar partial pressure of carbon 

dioxide

Pa,CO2 arterial partial pressure of carbon 

dioxide

PA,O2 alveolar partial pressure of oxygen

Pa,O2 arterial partial pressure of oxygen

PCO2 partial pressure of carbon dioxide

PO2 partial pressure of oxygen

PETCO2 end-tidal partial pressure of carbon

monoxide

PI,H2O pressure of inspired water vapor

PI,O2 ambient to inspired partial pressure of

oxygen

Pi intracellular phosphate

Pv,O2 mixed venous partial pressure of oxygen

PAL physical activity level

PAP pulmonary artery pressure

PCV packed cell volume

PPA pulmonary artery pressure

PPH primary pulmonary hypertension

PRA plasma renin activity

PRK photorefractive keratectomy

List of abbreviations



PTE thrombo-embolic disease

PV plasma volume

RBCs red blood cells

RCM red cell mass

RDBPC randomized, double-blind,

placebo-controlled trial

REDST thiol disulfide redox state

REM rapid eye movement

RK radial keratotomy

ROS reactive oxygen species

RQ respiratory quotient

Sa,O2 arterial oxygen saturation

SIDS sudden infant death syndrome

SiEp serum immunoreactive erthyropoietin 

concentration

SIGA secretory immunoglobulin A

SL sea level

STPD standard temperature and pressure,

dry gas

SWS slow wave sleep

T3 triiodothyronine

T4 thyroxine

TIA transient ischemic attack

TSH thyroid stimulating hormone

UKIRT United Kingdom Infrared Telescope

V•O2,max maximum oxygen consumption kg�1

VDH ventilatory deacclimatization from 

hypoxia

VEGF vascular endothelial growth factor

WBCs white blood cells

xiv List of abbreviations
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SUMMARY

The history of high altitude medicine and physiol-
ogy is one of the most colorful in the whole of the life
sciences. Although there were a few anecdotal refer-
ences to medical problems at high altitude before
1600, Joseph de Acosta’s description of acute moun-
tain sickness, originally published in 1590, is a water-
shed. Shortly after this the mercury barometer was
invented by Evangelista Torricelli in 1644, and very
quickly it was recognized that barometric pressure
declined with altitude. Robert Boyle and Robert
Hooke constructed the first air pump for physiologi-
cal measurements in 1660 and Boyle then proposed
his famous law. During the seventeenth and eigh-
teenth centuries the nature of respiration was eluci-
dated and the respiratory gases were first clearly
described by Lavoisier in 1777. Soon the effects of
acute ascent to high altitude were dramatically
shown by the early balloonists including several
fatalities from the severe hypoxia. The French physi-
ologist, Paul Bert, was the first to clearly identify the

low partial pressure of oxygen as responsible for high
altitude illness with his landmark publication La
Pression Barométrique in 1878.

When climbing became popular in the European
Alps in the mid-nineteenth century many instances
of acute mountain sickness were described. The
construction of the Observatoire Vallot in France
and the Capanna Margherita in Italy facilitated early
medical and physiological studies of high altitude.
The early twentieth century saw the beginning of
special expeditions to high altitude to make medical
and physiological measurements including the
important Pikes Peak Expedition of 1911. A lively
topic at this time was the possibility of oxygen secre-
tion by the lung and this was finally resolved in favor
of passive diffusion. Attempts to climb the highest
mountain in the world, Mount Everest, comprise 
a great saga culminating in the first ascent in 1953
when supplemental oxygen was used, and the first
ascent without bottled oxygen in 1978.

More recently, there have been several dedicated
expeditions to explore the physiology of extreme



altitude and generally an enormous increase in
high altitude life sciences research. An important
area has been the medical and physiological prob-
lems of permanent residents of high altitude, and
also ways of improving the quality of life for peo-
ple who are required to work at high altitude.

1.1 INTRODUCTION

This chapter provides an overall view of the history
of high altitude medicine and physiology. More
information about specific events is given at the
beginning of subsequent chapters. Readers who
desire more details can find these in West (1998).
Table 1.1 shows a chronology of some of the prin-
cipal events in the development of high altitude
medicine and physiology.

1.2 CLASSICAL GREECE AND ROME

It is perhaps surprising that there are so few refer-
ences to the ill effects of high altitude in the exten-
sive writings of classical Greece and Rome. The
Greek epics and myths, in particular, are so rich in
the accounts of travels and the foibles of human
nature that one might expect there to be a reference
to the deleterious effects of high altitude but this is
generally not the case. However, seventeenth cen-
tury writers believed that the ancient Greeks were
aware of the thinness of the air at high altitude. For
example, Robert Boyle (1627–91) claimed that
Aristotle (384–322 BC) held this view when he
wrote:

That which some of those that treat of the
height of Mountains, relate out of Aristotle,
namely, That those that ascend to the top of
the Mountain Olympus, could not keep them-
selves alive, without carrying with them wet
Spunges, by whose assistance they could
respire in that Air, otherwise too thin for
Respiration:. . . (Boyle 1660, p. 357)

However, modern historians have not been able
to find this statement in Aristotle’s extensive writ-
ings. Similar attributions to Aristotle can be found
in the writings of Francis Bacon (1561–1626) and
St Augustine of Hippo (354–430).

1.3 CHINESE HEADACHE MOUNTAINS

There is a tantalizing reference to what may have
been acute mountain sickness in the classical
Chinese history the Ch’ien Han Shu which dates
from about 30 BC. One of the Chinese officials was
warning about the dangers of traveling to the 
western regions, probably part of present day
Afghanistan, when he stated that travelers would
not only be exposed to attacks from robbers but
they would also become ill. One of the translations
reads:

Again, on passing the Great Headache
Mountain, the Little Headache Mountain, the
Red Land, and the Fever Slope, men’s bodies
become feverish, they lose colour, and are
attacked with headache and vomiting; the
asses and cattle being all in like condition. . . .

Several people have tried to identify the site of the
Headache Mountains suggesting for instance that it
is the Kilik Pass (4827 m) in the Karakoram Range
on the route from Kashgar to Gilgit (Gilbert 1983).
However, there is not universal agreement on this.

1.4 POSSIBLE EARLY REFERENCE TO 
HIGH ALTITUDE PULMONARY EDEMA

Fâ-Hien was a Chinese Buddhist monk who made
a remarkable journey through China and adjoin-
ing countries in about 400 AD. He related that when
crossing the ‘Little Snowy Mountains’ (probably in
Afghanistan) his companion became ill, ‘a white
froth came from his mouth’ and he died. It is
tempting to identify this as the first description of
high altitude pulmonary edema.

1.5 JOSEPH DE ACOSTA’S DESCRIPTION
OF MOUNTAIN SICKNESS

Joseph de Acosta (1540–1600) was a Jesuit priest
who traveled to Peru in about 1570. While he was
there he ascended the Andes and gave a very color-
ful account of illness associated with high altitude.
This was first published in 1590 in Spanish (Acosta
1590) (Fig. 1.1), and an English translation entitled
The Naturall and Morall Historie of the East and

2 History



Description of mountain sickness 3

Table 1.1 Chronology of some principal events in the development of high altitude medicine and physiology

Year Event

c. 30 BC Reference to the Great Headache Mountain and Little Headache Mountain in the Ch’ien Han 
Shu (classical Chinese history)

1590 Publication of the first edition (Spanish) of Historia Natural y Moral de las Indias by Joseph de 
Acosta with an account of mountain sickness

1644 First description of the mercury barometer by Torricelli
1648 Demonstration of the fall in barometric pressure at high altitude in an experiment devised by 

Pascal
1777 Clear description of oxygen and the other respiratory gases by Lavoisier
1783 Montgolfier brothers initiate balloon ascents
1786 First ascent of Mont Blanc (4807 m) by Balmat and Paccard
1878 Publication of La Pression Barométrique by Paul Bert
1890 Viault describes high altitude polycythemia
1890 Joseph Vallot builds a high altitude laboratory at 4350 m on Mont Blanc
1891 Christian Bohr publishes Uber die Lungenathmung, giving evidence for both oxygen and 

carbon dioxide secretion by the lung
1893 High altitude station, Capanna Regina Margherita, is built on a summit of Monte Rosa at 4559 m
1906 Publication of Hohenklima und Bergwanderungen by Zuntz et al.
1909 The Duke of the Abruzzi reaches 7500 m in the Karakoram without supplementary oxygen
1910 Zuntz organizes an international high altitude expedition to Tenerife
1910 August Krogh publishes On the Mechanism of Gas-Exchange in the Lungs, disproving the 

secretion theory of gas exchange
1911 Anglo-American Pikes Peak expedition (4300 m); participants C. G. Douglas, J. S. Haldane, 

Y. Henderson and E. C. Schneider
1913 T. H. Ravenhill publishes Some Experiences of Mountain Sickness in the Andes, describing puna

of the normal, cardiac and nervous types
1920 Barcroft et al. publish the results of the experiment carried out in a glass chamber in which 

Barcroft lived in a hypoxic atmosphere for 6 days
1921 A. M. Kellas finishes his manuscript on ‘A consideration of the possibility of ascending 

Mt. Everest’ which remained unpublished until 2001
1921–22 International High Altitude Expedition to Cerro de Pasco, Peru, led by Joseph Barcroft
1924 E. F. Norton ascends to 8500 m on Mount Everest without supplementary oxygen
1925 Barcroft publishes Lessons from High Altitude
1935 International High Altitude Expedition to Chile, scientific leader D. B. Dill 
1946 Operation Everest I carried out by C. S. Houston and R. L. Riley
1948 Carlos Monge M. publishes Acclimatization in the Andes, about the permanent residents of

the Peruvian Andes
1949 H. Rahn and A. B. Otis publish Man’s Respiratory Response During and After Acclimatization to 

High Altitude
1952 L. G. C. E. Pugh and colleagues carry out experiments on Cho Oyu near Mount Everest in 

preparation for the 1953 expedition
1953 First ascent of Mount Everest by Hillary and Tenzing (with supplementary oxygen)
1960–61 Himalayan Scientific and Mountaineering Expedition in the Everest region, scientific leader 

L. G. C. E. Pugh. Silver Hut laboratory at 5800 m, measurements up to 7440 m
1968–79 High altitude studies on Mount Logan (5334 m), scientific director C. S. Houston
1973 Italian Mount Everest Expedition with laboratory at 5350 m, scientific leader P. Cerretelli

(continued )



West Indies appeared in 1604 (Acosta 1604). Here
are some passages from his account when the party
were near the top of Mount Pariacaca.

I was suddenly surprized with so mortall and
strange a pang, that I was ready to fall from
the top to the ground. . . .

He then went on to add:

I was surprized with such pangs of straining &
casting, as I thought to cast up my heart too;
for having cast up meate, fleugme & choller,
both yellow and greene; in the end I cast up
blood, with the straining of my stomacke. To
conclude, if this had continued, I should
undoubtedly have died. . . .

This is followed by an often-quoted passage:

I therefore perswade my selfe that the ele-
ment of the aire is there so subtile and deli-
cate, as it is not proportionable with the
breathing of man, which requires a more
grosse and temperate aire, and I beleeve it is
the cause that doth so much alter the stom-
acke, & trouble all the disposition.

It should be noted that this not a typical account of
acute mountain sickness which usually comes on
gradually and is not associated with severe vomiting.
The description sounds more like a gastrointestinal
upset.

Acosta’s book was widely read and, for example,
Robert Boyle was familiar with his description 
of mountain sickness. Various people including
Gilbert (1991) have attempted to identify the site of
Pariacaca but there is some disagreement over this.

1.6 INVENTION OF THE BAROMETER

A key advance in high altitude science was the
recognition that barometric pressure falls with

4 History

Table 1.1 (Continued)

Year Event

1978 First ascent of Everest without supplementary oxygen by Reinhold Messner and Peter Habeler
1981 American Medical Research Expedition to Everest, scientific leader J. B. West 
1985 Operation Everest II, scientific leaders C. S. Houston and J. R. Sutton
1983 to present Research at Capanna Regina Margherita (4559 m) by O. Oelz, P. Bärtsch and co-workers from 

Zurich, Bern and Heidelberg
1984 to present Studies at Observatoire Vallot (4350 m) on Mont Blanc by J.-P. Richalet and co-workers
1990 to present Research at Pyramid Laboratory, Lobuje, Nepal by P. Cerretelli and co-workers
1994 British Mount Everest Medical Research Expedition, leaders S. Currin, A. Pollard, D. Collier
1997 Operation Everest III (COMEX ’97), leader J.-P. Richalet
1998 Medical Research Expedition to Kangchenjunga, leaders S. Currin, D. Collier, J. Milledge

Figure 1.1 Title page of the first edition of the book by
Joseph de Acosta published in Seville in 1590.



increasing altitude. In 1644 Evangelista Torricelli
(1608–47) wrote a letter to his friend Michelangelo
Ricci in which he described how he had filled a glass
tube with mercury and inverted it so that one end
was immersed in a dish of the same liquid 
(Torricelli 1644) (Fig. 1.2). The mercury descended
to form a column about 76 cm high, and Torricelli
argued that the mercury was supported by the
weight of the atmosphere acting on the dish. His let-
ter included the striking sentence: ‘We live sub-
merged at the bottom of an ocean of the element air,
which by unquestioned experiments is known to
have weight. . . .’ This was a conceptual break-
through. Torricelli also speculated that on the tops
of high mountains the pressure might be less
because the air is ‘distinctly rare.’

However, it was left to Blaise Pascal (1623–62) to
prove that barometric pressure falls with increasing
altitude. In 1648 he persuaded his brother-in-law,
Florin Perier, to carry a mercury barometer up the
Puy-de-Dôme in central France. This was an elabo-
rate experiment with careful controls and he was
successful in showing that on the summit the pres-
sure had fallen by approximately 12% of its value in
the village of Clermont.

1.7 INVENTION OF THE AIR PUMP

The first effective air pump was constructed by
Otto von Guericke (1602–86) who was mayor of
the city of Magdeburg in central Germany. In a
famous experiment he constructed two metal
hemispheres that fitted together accurately when
the air within them was pumped out. Two teams of
horses were then unable to separate the two hemi-
spheres, graphically demonstrating the enormous
force that could be developed by the air pressure.

However, Guericke’s pump was cumbersome to
operate and it was impossible to place objects in the
hemispheres to study the effects of the reduced 
air pressure. This was first done by Robert Boyle
(1627–91) and his colleague Robert Hooke
(1635–1703). Hooke was a mechanical genius who
designed an air pump consisting of a piston inside a
brass cylinder. Above this was a large glass receiver
into which various objects and small animals could
be placed (Fig. 1.3). In his groundbreaking book
New Experiments Physico-Mechanicall, Touching
the Spring of the Air, and its Effects. . . (Boyle 1660),
he demonstrated the effects of a reduced atmos-
pheric pressure in a variety of experiments. In one
of these a lark was placed in the receiver and Boyle
wrote:

the Lark was very lively, and did, being put into
the Receiver, divers times spring up in it to a
good height. The Vessel being hastily, but care-
fully clos’d, the Pump was diligently ply’d, and
the Bird for a while appear’d lively enough; but
upon a greater Exsuction of the Air, she began
manifestly to droop and appear sick, and very
soon after was taken with as violent and irreg-
ular Convulsions, as are wont to be observ’d in
Poultry, when their heads are wrung off. . . .

Invention of the air pump 5

Figure 1.2 Torricelli’s drawing of his first mercury
barometer, from his letter to Michelangelo Ricci of
1644.



Following these experiments Hooke made a cham-
ber large enough for a man to sit in it while it was
partially evacuated and he reported to the young
Royal Society:

that himself had been in it, and by the con-
trivance of bellows and valves blown out of it
one tenth part of the air (which he found by a
gage suspended within the vessel) and had
felt no inconvenience but that of some pain
in his ears at the breaking out of the air
included in them, and the like pain upon 
the readmission of the air pressing the ear
inwards.

1.8 DISCOVERY OF OXYGEN

Progress in the remainder of the seventeenth cen-
tury and most of the eighteenth century was
largely stymied until the nature of the respiratory
gases was characterized. There is not space to 
follow the interesting story here of the work of
Boyle, Hooke, Lower and Mayow in the seventeenth
century and the discovery of oxygen by Joseph
Priestley (1733–1804), Carl Scheele (1742–86) and
Antoine Lavoisier (1743–94). John Mayow
(1641–79) was aware in 1674 of what he called
‘nitro-aerial spirit’ which we now recognize as 
oxygen but his work was largely ignored for almost
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Figure 1.3 Air pump constructed by Robert
Boyle and Robert Hooke. This enabled them to
carry out the first experiments on hypobaric
hypoxia. From Boyle (1660).



a century. Both Priestley and Scheele independ-
ently isolated oxygen but Priestley was confused
about its nature, believing that it was ‘unphlogisti-
cated air,’ and Scheele’s report was delayed because
of publication problems. It was left to the brilliant
French chemist Lavoisier (Fig. 1.4) to clearly
describe the three respiratory gases. In 1777 he
stated:

Eminently respirable air [he later called it oxy-
gine] that enters the lung, leaves it in the form
of chalky aeriform acids [carbon dioxide] . . .
in almost equal volume. . . . Respiration acts
only on the portion of pure air that is emi-
nently respirable . . . the excess, that is its
mephitic portion [nitrogen], is a purely pas-
sive medium which enters and leaves the
lung . . . without change or alteration. The
respirable portion of air has the property to
combine with blood and its combination
results in its red color.

Carbon dioxide had been discovered earlier by
Joseph Black (1728–99) while he was a medical
student although he used the term ‘fixed air.’

1.9 FIRST BALLOON ASCENTS AND 
THE RECOGNITION OF SEVERE ACUTE
HYPOXIA

The Montgolfier brothers, Joseph (1740–1810) and
Jacques (1745–99), invented the man-carrying bal-
loon, first using heated air, and later hydrogen. The
first free ascent of a manned balloon took place in
Paris in 1783. It was not long before these adventur-
ous balloonists became aware of the deleterious
effects of high altitude on the body. For example,
Alexandre Charles (1746–1823) (of Charles’ Law)
ascended in a hydrogen-filled balloon in December
1783 and reported ‘In the midst of the inexpressible
rapture of this contemplative ecstasy, I was recalled
to myself by a very extraordinary pain in the interior
of my right ear. . . .’ He correctly attributed this to the
effects of air pressure.

However, more ominous effects were soon
noted. Jean Blanchard (1753–1809) claimed to have
ascended to an altitude of over 10 000 m in 1785
(although the altitude was contested) and reported
that ‘Nature grew languid, I felt a numbness, prelude
of a dangerous sleep. . . .’ However, much more dra-
matic were the events in 1862 when James Glaisher
(1809–1903) and Henry Coxwell (1819–1900) rose
to an altitude which was estimated to exceed
10 000 m. Glaisher became partly paralyzed and
then unconscious, and Coxwell lost the use of his
hands, and could only open the valve of the balloon
by seizing the cord with his teeth. Glaisher also
reported losing his sight before his partial paralysis.

The most famous and tragic balloon ascent was
by three French aeronauts Gaston Tissandier
(1843–99), Joseph Crocé-Spinelli (1843–75) and
Theodore Sivel (1834–75) in their balloon Zénith
in 1875. Paul Bert (see below) had recommended
that they take oxygen but they had too little and
there were difficulties in inhaling it. Tissandier’s
report (1875) is dramatic.

Towards 7500 meters, the numbness one
experiences is extraordinary. . . . One does not
suffer at all; on the contrary. One experiences
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Figure 1.4 Antoine Lavoisier (1747–1794) with his wife
Marie-Anne (1759–1836), who was his laboratory
assistant. From the painting by David, 1780.



inner joy, as if it were an effect of the inundat-
ing flood of light. One becomes indifferent. . . .
Soon I wanted to seize the oxygen tube, but
could not raise my arm. . . . Suddenly I closed
my eyes and fell inert, entirely losing 
consciousness.

When the balloon ultimately reached the ground,
Sivel and Crocé-Spinelli were dead, having per-
ished as a result of the severe hypoxia. The disaster
caused a sensation in France.

1.10 MOUNTAIN SICKNESS IN
MOUNTAINEERS

During the nineteenth century mountaineering
became popular particularly in the European Alps.
The result was many descriptions of acute moun-
tain sickness, some of which seem to us today to be
greatly exaggerated. One of the first was from the
great German naturalist Alexander von Humboldt
(1769–1859) when he reached very high altitudes
on two volcanoes in South America in 1799. On
Chimborazo at an altitude of about 5540 m he
stated that the whole party felt ‘a discomfort, a
weakness, a desire to vomit, which certainly arises
as much from the lack of oxygen in these regions as
from the rarity of the air.’ Another early account
was by Horace-Bénédict de Saussure (1740–99) on
Mont Blanc (4807 m) in 1787. When he was near
the summit he stated:

I therefore hoped to reach the crest in less than
three quarters of an hour; but the rarity of the
air gave me more trouble than I could have
believed. At last I was obliged to stop for breath
every fifteen or sixteen steps. . . . This need of
rest was absolutely unconquerable; if I tried to
overcome it, my legs refused to move. . .

Numerous other reports of the deleterious effects
of high altitude while climbing mountains are
given in the first chapter of Paul Bert’s book La
Pression Barométrique (1878).

1.11 PAUL BERT AND THE PUBLICATION
OF LA PRESSION BAROMÉTRIQUE

The French environmental physiologist Paul Bert
(1833–86) is often cited as the father of modern high

altitude physiology and medicine. The publication of
his great book La Pression Barométrique in 1878 was
certainly an important landmark. One of his principal
findings was that the deleterious effects of exposure to
low pressure could be attributed to the low PO2. He did
this by exposing experimental animals to a low pres-
sure of air on the one hand (hypobaric hypoxia), and
to gas mixtures at normal pressure but with a low oxy-
gen concentration (normobaric hypoxia) on the other.
In this way he showed that the critical variable was the
PO2. La Pression Barométrique is essential reading for
anybody with a serious interest in the history of high
altitude medicine and physiology. For one thing, there
is a long introductory section on the history as Bert
saw it, and this makes fascinating reading today. Bert
wrote with a charming style and urbane wit. The book
not only deals with the medical and physiological
effects of low pressure but high pressure as well.

Many of Bert’s studies were carried out at the
Sorbonne in Paris which was equipped with both
low pressure and high pressure chambers (Fig. 1.5).
At one stage he tested the three French balloonists
Tissandier, Crocé-Spinelli and Sivel who were
referred to above and he actually warned them that
they had insufficient oxygen but the warning letter
arrived too late.

La Pression Barométrique includes many inter-
esting passages. For example, it contains the first
graphs of the oxygen and carbon dioxide dissocia-
tion curves in blood. Bert also speculated that
polycythemia might occur at high altitude and this
was shown a short time later by compatriots
including Viault (1890). At one point Bert specu-
lated on the possible reduction of metabolism in
frequent visitors to high altitude and people who
live permanently there. This short section will be
cited partly because it gives a good feel for the style
of Bert and his pungent wit.

We see that very probably, in the habitual
conditions of our life, we commit excesses of
oxygenation as well as of nourishment, two
kinds of excess, which are correlative. And
just as peasants, who eat much less than we
do, but utilizing all that they absorb, produce
in heat and work a useful result equal, if not
superior, to that of city dwellers; just as a
Basque mountaineer furnished with a piece
of bread and a few onions makes expeditions
which require of the member of the Alpine
Club who accompanies him the absorption of

8 History



a pound of meat, so it may be that the
dwellers in high places finally lessen the con-
sumption of oxygen in their organism, while
keeping at their disposal the same quantity
of vital force, either for the equilibrium of
temperature, or the production of work. Thus
we could explain the acclimatization of indi-
viduals, of generations, of races. (Bert 1878,
p. 1004 in the English translation)

1.12 HIGH ALTITUDE LABORATORIES

1.12.1 Observatoire Vallot

Towards the end of the nineteenth century the pace
of discoveries in high altitude medicine and physi-
ology accelerated rapidly partly as the result of the
publication of La Pression Barométrique. This was a
period when two high altitude laboratories were
established. The first was the Observatoire Vallot
on Mont Blanc which was installed in 1890. Joseph
Vallot (1854–1925) conceived the idea of placing 
a small building at an altitude of about 4350 m,
which is about 460 m below the summit of Mont
Blanc. With typical French panache he was not 
satisfied with a simple hut, but in addition there
were a comprehensive laboratory, a well-appointed

kitchen, and attractive interior decorations includ-
ing a French tapestry of courtly ladies in the eigh-
teenth century style. The laboratory was used for
research in several of the physical sciences includ-
ing astronomy and glaciology, but physiological
studies were also carried out including some of the
first observations of periodic breathing at high
altitude (Egli-Sinclair 1893). The Observatoire
Vallot is still in use today although it has been con-
siderably modified. Access is challenging because
usually a night has to be spent at the Grands
Mulets (3050 m) followed by a climb over the snow
and ice the following day. Alternatively, a helicop-
ter ascent is possible.

In 1891 a young physician, Dr Jacottet, died in
the Observatoire Vallot from what was almost cer-
tainly high altitude pulmonary edema. A descrip-
tion of the illness including the post mortem
findings is in Mosso’s book Life of Man on the 
High Alps (Mosso 1898) referred to in the next 
section.

1.12.2 Capanna Margherita

Shortly after the construction of the Observatoire
Vallot, an even higher structure was placed on one
of the peaks of Monte Rosa in Italy at an altitude of
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Figure 1.5 Low pressure chambers used by
Paul Bert at the Sorbonne. From Bert (1878).



4559 m. The original hut was completed in 1893
and 10 years later it was enlarged by the influential
Italian scientist, Angelo Mosso (1846–1910) to
include a laboratory for physiological and medical
studies. The structure owes its name to Queen
Margherita of Savoy who was a lover of alpinism
and a generous patron of science. In fact she visited
the Capanna in 1893 and spent the night there.

Mosso was a physiologist with very broad inter-
ests particularly in the area of exercise and envi-
ronmental physiology. Some of the early studies in
the Capanna Margherita were reported in his book
Fisiologia dell’uomo sulle Alpi: studii fatti sul Monte
Rosa (Mosso 1897), and this was translated into
English as Life of Man on the High Alps (Mosso
1898). Among the projects carried out at the
Capanna were some on periodic breathing, and
also total ventilation at high altitude. In fact,
Mosso believed that the deleterious effects of high
altitude were related to the low carbon dioxide lev-
els in the blood rather than the reduced PO2 as pre-
viously proposed by Paul Bert. Mosso coined 
the term ‘acapnia’ to describe this condition which
he thought was important in the development of
acute mountain sickness. An interesting event at
the Capanna was the illness of an Italian soldier,
Pietro Ramella, who developed what was thought
to be a respiratory infection and from which he
recovered. In retrospect this may have been high
altitude pulmonary edema as was the case with
Jacottet at the Observatoire Vallot. The Capanna
Margherita has been enlarged over the years and is
the site of a very active research program at the
present time (Fig. 1.6).

1.13 EARLY SCIENTIFIC EXPEDITIONS 
TO HIGH ALTITUDE

In the early 1900s the tradition began of organizing
expeditions to high altitude locations to carry out
medical and physiological research. One of the first
was organized by Nathan Zuntz (1847–1920),
Professor of Animal Physiology in Berlin, who was
the first author of an influential book on high alti-
tude physiology published in 1906 (Zuntz et al.
1906). The expedition was to Tenerife in the Canary
Islands and experiments were carried out at the
Alta Vista hut at an altitude of 3350 m. Among the
members of the expedition were Joseph Barcroft

(1872–1947) and C.G. Douglas (1882–1963) and
they made an interesting observation on the alveo-
lar gases and acclimatization. Barcroft was the only
member of the party who showed no significant fall
in alveolar PCO2 at the Alta Vista hut; that is, he was
the only person who did not exhibit an increase in
ventilation, and he was also the only person who
was incapacitated by acute mountain sickness. By
contrast, the alveolar PCO2 of Douglas fell from 41
to 32, and that of Zuntz fell from 35 to 27 mmHg
and both of these members had no mountain sick-
ness. This was corroborative evidence that moun-
tain sickness was caused by the low PO2 as suggested
by Paul Bert, rather than the low PCO2 as proposed
by Angelo Mosso.

A very important expedition took place in 1911
when an Anglo-American group led by J.S. Haldane
(1860–1936) went to Pikes Peak just outside
Colorado Springs where there was a hotel on the
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Figure 1.6 Contemporary photograph of the Capanna
Margherita on one of the peaks of Monte Rosa. It is the
site of an active research program on high altitude
medicine and physiology.



summit at an altitude of 4300 m (Fig. 1.7). One of
the advantages of Pikes Peak was a cog railway all the
way to the summit. The expedition was carefully
planned so that there were measurements at a lower
altitude prior to the ascent. Then a rapid ascent was
made and the party stayed on the summit where
extensive data were collected. Finally, measurements
were made again when the participants returned to
low altitude. Many important observations were
made. The hyperventilation that accompanies ascent
to high altitude was documented with the alveolar
PCO2 falling to about 2/3 of its sea level value over 
2 weeks on the summit. Periodic breathing was con-
firmed. The polycythemia was studied with the per-
centage of hemoglobin in the blood increasing over
several weeks on the summit to values between 115
and 154% of normal as measured by color changes
in the blood. All the measurements were reported in
a long paper (Douglas et al. 1913).

The members of the expedition also believed
that they had obtained evidence for oxygen secre-
tion at high altitude. In fact, the report stated that
the arterial PO2 at rest was as much as 35 mmHg
above the alveolar value on the summit, whereas at
or near sea level the two values were the same. The
investigators proposed that oxygen secretion was
the most important factor in acclimatization. To
this day it is not clear where this large error was
made in the measurements.

Oxygen secretion was an important controversy
around this time and Haldane actually believed in
it until his death in 1936. In fact the second edition of

his book on respiration (Haldane and Priestley 1935)
has a whole chapter devoted to the evidence for oxy-
gen secretion. Haldane had originally developed the
notion after visiting Christian Bohr (1855–1911) in
Copenhagen who was a great champion of oxygen
secretion. However, the error was exposed in the view
of most physiologists by August Krogh (1874–1949)
and his wife Marie (1874–1943) in a series of papers
published in 1910.

Mabel FitzGerald (1872–1973) was invited to join
the Pikes Peak expedition but did not spend any time
in the laboratory for reasons that are not entirely
clear. Instead she visited various mining camps in
Colorado at altitudes between 1500 and 4300 m
where she measured the alveolar PCO2 in acclima-
tized miners and produced data on acclimatization
to moderate altitudes that are still extensively cited
(FitzGerald 1913, 1914). Although she studied at
Oxford University for a number of years it was not
the custom then to give degrees to women. However,
the university relented in 1972 when she was 100
years old and awarded her an honorary M.A. degree.

Another classical expedition to high altitude was
the International High Altitude Expedition to Cerro
de Pasco, Peru which took place in 1921–22 under
the leadership of Joseph Barcroft (1872–1947). An
attractive feature of this location at an altitude of
about 4330 m was that it could be reached by rail-
way from Lima, and the expedition fitted out a rail-
way baggage van as an efficient laboratory (Fig. 1.8).
Again there was a very extensive scientific program
and the report occupied 129 pages (Barcroft et al.
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Figure 1.7 Members of the Anglo-
American Pikes Peak Expedition of
1911. Left to right: Henderson
taking samples of alveolar gas,
Schneider sitting and recording his
respiration, Haldane standing, and
Douglas wearing a ‘Douglas bag’ to
collect expired gas during exercise.
From Henderson (1939).



1923). The topic of oxygen secretion was investigated
but no support for it was found. In fact, the PO2 in
arterial blood measured by a bubble equilibration
method was about 3 mmHg lower than that in alveo-
lar gas. There was an increase in red blood cell con-
centration by about 20–30% over the sea level value.
The arterial oxygen saturation fell during exercise at
high altitude and this fall was correctly attributed to
the failure of the PO2 to equilibrate between alveolar
gas and pulmonary capillary blood because of dif-
fusion limitation. Extensive measurements of neu-
ropsychological function showed that this was
impaired at high altitude. In fact, Barcroft made the
famous statement ‘All dwellers at high altitude are
persons of impaired physical and mental powers.’

One of the novel features of this expedition was
its studies of permanent residents of high altitude.
Cerro de Pasco was a substantial mining town with 
a large permanent population. It was shown that 
the red cell concentrations in the permanent resi-
dents had values of 40–50% above what would be
expected at sea level, that is substantially higher than
the newcomers to high altitude. It was also found
that the permanent residents of Cerro tended to
have lower arterial oxygen saturations of 80–85%,
one of the first intimations that highlanders have
lower ventilations than newcomers to high altitude.

In 1935 the International High Altitude Expe-
dition to Chile took place under the scientific 
leadership of D.B. Dill (1891–1986). A number of

measurements were made at a mining camp, altitude
5334 m, and these resulted in a classical paper enti-
tled ‘Blood as a physicochemical system. XII. Man at
high altitudes’ (Dill et al. 1937). Extensive measure-
ments of exercise were carried out showing, for
example, that in one of the members the maximal
oxygen consumption fell from 3.72 to 1.80 L min�1

at the altitude of the high camp (compared with sea
level) while the maximal heart rate fell from 190 
to 132 beats min�1. A particularly interesting find-
ing made by Edwards (1936) was that in well-
acclimatized subjects the maximal levels of blood
lactate were remarkably low, certainly much lower
than in acute hypoxia or in subjects without
acclimatization. This so-called ‘lactate paradox’ has
been observed on many occasions since and is still
not fully understood.

1.14 PERMANENT RESIDENTS OF 
HIGH ALTITUDE

A large number of people live permanently at high
altitude. For example, about 140 million people live
at altitudes above 2500 m (WHO 1996) and it has
been estimated that each year some 40 million travel
to similar altitudes for work or recreation. The high
altitude populations are mainly in underdeveloped
regions of the world including the South American
Andes, the Tibetan plateau and, to a lesser extent,
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Figure 1.8 Laboratory of the
International High Altitude
Expedition to Cerro de Pasco, Peru,
1921–22. This was set up in a
railroad car. From Barcroft et al.
(1923).



Ethiopia. Partly as a result of this, these large popu-
lations have not received the attention they deserve.

Just as many people regard Paul Bert as the father
of modern high altitude physiology, Carlos Monge
Medrano (1884–1970) merits the title of father of
the study of permanent high altitude residents. He
started the influential Peruvian school in Lima and
this was subsequently continued by Alberto Hurtado
Abadilla (1901–83) and Monge’s son, Carlos Monge
Cassinelli (1921–2006). The Peruvian school remains
very active today with high altitude scientists such 
as Fabiola León-Velarde, and there are also groups 
in Argentina, Bolivia, Chile, China and Tibet who 
are now doing extensive work on high altitude 
residents.

Mention was made earlier of Barcroft’s unguarded
statement that ‘All dwellers at high altitude are 
persons of impaired physical and mental powers’
(Barcroft 1925). Monge took great exception to this
and in his influential book Acclimatization in the
Andes (Monge M. 1948) he referred to ‘the incredi-
ble statement of Professor Barcroft, the Cambridge
physiologist, who after staying 3 months at Cerro
de Pasco. . . .’ Monge made the point that because
of the ‘climatic aggression’ of high altitudes as he
referred to it, Andean man should not be assessed
using the same criteria as people who live near sea
level. In fact, at one stage, Monge attributed Barcroft’s
statement to the fact that the latter had mountain
sickness at the time!

Monge made extensive studies of the ability of
permanent residents of the Andes to withstand the
hypoxia and cold of the environment. Nevertheless
he is best known for his work on chronic mountain
sickness, also known as Monge’s disease, which he
set out in his book La Enfermedad de los Andes
(Monge M. 1928). In this he describes the condi-
tion associated with severe polycythemia, cyanosis
and vague neuropsychological complaints includ-
ing headache, dizziness, somnolence and fatigue.
Initially the condition was thought to be poly-
cythemia vera but was later shown to be distinct.

Alberto Hurtado (1901–83) was a physiologist
who trained under Monge and who made extensive
studies of the high altitude residents of Morococha
at an altitude of 4550 m. Typically, the arterial PO2

was only 45 mmHg with a corresponding arterial
oxygen saturation of 81%. However, interestingly,
because of the polycythemia which raised the hemo-
globin concentration to nearly 20 g dL�1, the arterial

oxygen concentration was actually above the normal
sea level value. The son of Carlos Monge Medrano,
Carlos Monge Cassinelli was a biologist with broad
interests in high altitude including comparative phys-
iology. However, he was very interested in the rela-
tionships between high altitude, polycythemia and
chronic mountain sickness and many of his studies
are reported in a classical book (Winslow and 
Monge C. 1987).

1.15 HIGH ALTITUDE STUDIES FROM 
THE LAST 50 YEARS

There have been such a wealth of high altitude
studies during this period that it is impossible to
do them justice, and furthermore many of them
will be alluded to in subsequent chapters of this
book and so only a brief summary is given here.
Many of the studies have concentrated on the
effects of extreme altitude.

In 1944 Charles Houston (1913–) and Richard
Riley (1911–2001) carried out a remarkable study
known as Operation Everest I at the US Naval
School of Aviation Medicine in Pensacola, Florida.
Four volunteers lived continuously in a low pressure
chamber for 35 days and were gradually decom-
pressed to the equivalent of the altitude of Mount
Everest. The project was justified to the Navy on the
grounds that it was relevant to improving the toler-
ance of aviators to high altitudes. Alveolar gas and
arterial blood studies were carried out and the most
striking finding was that it was possible for resting,
partly acclimatized subjects to survive for 20 min or
so at a simulated altitude that actually exceeded the
summit of Mount Everest. This came about because
they were using the Standard Atmosphere which
predicts a substantially lower pressure on the sum-
mit than actually exists.

A major high altitude physiologist at this time
was L.C.G.E. Pugh (1909–94) who was closely asso-
ciated with the first successful ascent of Everest in
1953. During 1952 Pugh and others conducted phys-
iological studies on the nearby mountain Cho Oyu
to clarify some of the logistics of tolerating extreme
altitude including ventilation rates, maximal oxygen
consumptions, effects of oxygen breathing, hydra-
tion, food and clothing. Pugh’s contributions were a
major factor in the ultimate success of the expedition
when Edmund Hillary (1919–) and Tenzing Norgay
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(1914–86) became the first people to reach the high-
est point in the world.

In 1960–61 Pugh was the scientific leader of
the Himalayan Scientific and Mountaineering
Expedition now universally known as the Silver Hut
Expedition. The reason for the name is that the sci-
entists wintered for several months at an altitude of
5800 m in a wooden structure painted silver (Fig.
1.9). The extensive scientific program was largely
devoted to studies of exercise, pulmonary gas
exchange, the control of ventilation, polycythemia,
the electrocardiogram and neuropsychological func-
tion (Pugh 1962a). Many of the studies are referred
to in later chapters of this book.

In 1981 the American Medical Research
Expedition to Everest set out to obtain the first
data from the Everest summit itself and made
measurements that so far have not been repeated.
Among the remarkable findings were alveolar PO2

and PCO2 values of 35 and 7–8 mmHg and an arte-
rial pH (based on the measured alveolar PCO2 and
blood base excess) of over 7.7. The barometric
pressure on the summit was 253 mmHg., and the
maximal oxygen consumption measured using the
summit inspired PO2 was just over 1 L min�1.

Four years later Houston and John Sutton
(1941–96) carried out Operation Everest II at a US
Army facility in Natick, Massachusetts which was
basically similar to Operation Everest I in design
but much more sophisticated in the measurements
that could be made. Again the volunteers were
gradually decompressed to the barometric pressure
on the Everest summit and a large series of mea-
surements that could not be made in the field were
completed. These included cardiac catherization
which showed substantial increases in pulmonary
artery pressures with ascent, particularly on exercise.
An interesting aspect was that after a few days the
pulmonary hypertension could not be reversed by
giving oxygen, suggesting that some remodeling of
the pulmonary circulation had taken place. Other
important information was obtained on pulmonary
gas exchange, changes in skeletal muscle by biopsy,
and neuropsychological changes. Another simu-
lated ascent of Mount Everest using a low pressure
chamber was carried out in 1997 (called Operation
Everest III (COMEX ’97)) and, again, important
new information was obtained in a number of areas.

Figure 1.9 Main laboratory of
the Himalayan Scientific and
Mountaineering Expedition,
1960–61. The Silver Hut was at an
altitude of 5800 m about 16 km
south of Mount Everest.
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SUMMARY

Most of the medical problems that occur at high
altitude are caused by the low partial pressure of
oxygen in the atmosphere which in turn is due to
the decrease in barometric pressure as altitude
increases. The relationship between barometric
pressure and altitude is therefore important, espe-
cially in regions of the world such as the Andes and
Himalayas where large numbers of people reside at
high altitude. Recent work has clarified the pressure–
altitude relationship with much better accuracy than
previously. Considerable confusion occurred in the
past by assuming that the relationship follows the
standard atmosphere. In fact, the pressures are usu-
ally substantially higher at a given altitude because
the relationship between barometric pressure and
altitude is latitude-dependent, and most of the high
mountains of the world are relatively near the equa-
tor. At extreme altitudes, the variation of barometric
pressure with season is sufficient to affect human
performance. This is particularly true of the summit
of Mount Everest where climbers are near the limit
of tolerance to hypoxia. Other atmospheric factors
such as temperature, humidity and solar radiation
are also important.

2.1 INTRODUCTION

It has been known since the time of Paul Bert and
the publication of La Pression Barométrique (Bert

1878) that most of the deleterious effects of high
altitude on humans are caused by hypoxia. This, in
turn, is a direct result of the reduction in atmos-
pheric pressure. Yet in spite of the fact that Bert’s
book appeared almost 130 years ago, there is still
confusion in the minds of some physicians and
physiologists about the relationship between baro-
metric pressure and altitude, particularly at extreme
heights. For example, some environmental physiol-
ogists are still surprised to learn that the barometric
pressure at the summit of Mount Everest is consid-
erably higher than that predicted by the standard
pressure–altitude tables used by the aviation indus-
try, and that humans can reach the summit without
supplementary oxygen only because the tables are
inapplicable.

Although most of the undesirable effects of high
altitude are due to hypoxia, under some circum-
stances additional deterioration results from cold,
dehydration, solar radiation, and even ionizing
radiation. However, most of these hazards of the
environment can be avoided by proper clothing 
or shelter. Only hypoxia is unavoidable unless, of
course, supplementary oxygen is available. The low
barometric pressure in itself has no physiological
sequelae unless the decompression is rapid, for
example in the case of the explosive decompression
that occurs when a window fails in a pressurized air-
craft. Rapid decompression causes so-called baro-
trauma as a result of the very rapid enlargement of
airspaces within the body including the lungs and



middle ear cavity. Such accidents can also occur in
ascent from deep diving, but are not considered here.

That low pressure per se is innocuous was not
always realized. Indeed, early theories of mountain
sickness included a number of exotic explanations
based on the reduced pressure itself (Bert 1878,
pp. 342–7 in the 1943 translation). One was weak-
ening of the coxofemoral articulation; it was thought
that barometric pressure was an important factor
in pressing the head of the femur into its socket
and that, at high altitudes, the necessary increase 
in action of the neighboring muscles resulted in
fatigue. Another hypothesis was that superficial
blood vessels would dilate and rupture if the baro-
metric pressure which normally supported them
was reduced. Indeed, modern day medical students
occasionally raise issues of this kind when they 
are first introduced to high altitude physiology. A
further theory was that distension of intestinal gas
would interfere with the action of the diaphragm
and also impede venous return to the heart. All these
theories neglect the fact that, when humans ascend
to high altitude, all the hydrostatic pressures in the
body fall together. In other words, although the
pressure outside the superficial blood vessels falls,
the pressure inside the vessels falls to the same extent
and therefore the pressure differences across the
vessels are unchanged.

2.2 BAROMETRIC PRESSURE AND
ALTITUDE

2.2.1 Historical

A general historical introduction can be found in
Chapter 1, but some additional background material
related to the atmosphere is included here. The
notion that air has weight and therefore exerts a
pressure at the surface of the earth eluded the ancient
Greeks and had to wait until the Renaissance. Galileo
(1638) was well aware of the force associated with a
vacuum and therefore the effort required to ‘break’
it, but he thought of this in the context of a force
required to break a copper wire by stretching it, that
is, the cohesive forces within the substance of the
wire. It was left to Galileo’s pupil Torricelli to realize
that the force of a vacuum is due to the weight of the
atmosphere. In addition he wondered whether the air

pressure became less on the tops of high mountains
where the air ‘begins to be distinctly rare . . .’ as 
he put it. Torricelli made the first mercury barome-
ter, though barometers filled with other liquids had
apparently been constructed previously, for example
by Gaspar Berti. These were unsatisfactory because
of the effect of the vapor pressure of the liquid.

A landmark experiment took place in 1648 when
the French philosopher and mathematician Blaise
Pascal suggested that his brother-in-law, F. Périer,
take a barometer to the top of the Puy-de-Dôme
(1463 m) in central France to see whether the pres-
sure fell (Pascal 1648). The results were communi-
cated to Pascal in a delightful letter by Périer in
which he described how the level of the mercury
barometer fell some three pouces (about 75 mm)
during the ascent of ‘500 fathoms’ of altitude (prob-
ably about 900 m). The experiment had elaborate
controls. For example, the Reverend Father Chastin,
‘a man as pious as he is capable’, stood guard over
one barometer in the town of Clermont while Périer
and a number of observers (including clerics, coun-
selors, and a doctor of medicine) took another to
the top of the mountain. On returning, it was found
that the first barometer had not changed, and Périer
even checked it again by filling it with the same
mercury that he had taken up the mountain. Another
observation was made the next day on the top of a
high church tower in Clermont, and this also showed
a fall in pressure, though of much smaller extent.

A few years later, Robert Boyle carried out exper-
iments with the newly invented air pump and wrote
his influential book New Experiments Physico-
Mechanicall Touching the Spring of the Air, and its
Effects. In the second edition of this book published
in 1662 he formulated his famous law, which states
that gas volume and pressure are inversely related (at
constant temperature) (Boyle 1662). Recent com-
mentaries on both the original book and Boyle’s law
are available (West 1999b and 2005).

An influential analysis of the relationships
between altitude and barometric pressure was made
by Zuntz et al. in 1906. They pointed out the impor-
tant effect of temperature on the pressure–altitude
relationship noting that, on a fine warm day, the
upcurrents carry air to high altitudes and thus
increase the sea level barometric pressure. Indeed,
this is the basis for weather prediction based on
barometric pressure.
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Zuntz et al. (1906, pp. 37–9) gave the following
logarithmic relationship for determining baromet-
ric pressure at any altitude:

where h is the altitude difference in meters, t is the
mean temperature (°C) of the air column of height
h, B is the barometric pressure (mmHg) at the
lower altitude, and b is the barometric pressure 
at the higher altitude. Note that this expression
implies that the higher the mean temperature, the
less rapidly does barometric pressure decrease with
altitude. In addition, if temperature were constant,
log b would be proportional to negative altitude,
that is, the pressure would decrease exponentially as
altitude increased. Zuntz et al. cite Hann’s Lehrbuch
der Meteorologie where the pressure–altitude rela-
tionship is given in a slightly different form (Hann
1901).

The expression by Zuntz et al. was used by
FitzGerald (1913) in her study of alveolar PCO2 and
hemoglobin concentration in residents of various
altitudes in the Colorado mountains during the
Anglo-American Pikes Peak expedition of 1911.
She showed that barometric pressures calculated
from the Zuntz formula agreed closely with pres-
sures observed in the mountains when a sea level
pressure of 760 mmHg and a mean temperature of
the air column of �15°C were assumed. Kellas
(2001) used the same expression to predict baro-
metric pressures in the Himalayan ranges, obtain-
ing a value of 251 mmHg for the summit of Mount
Everest, assuming a mean temperature of 0°C. This
was almost the same as the pressure of 248 mmHg
given by Bert (Bert 1878, Appendix 1) in contrast
to the erroneously low values used 70 years after
Bert because of the inappropriate application of
the standard atmosphere (section 2.2.3). However,
a major difficulty with the use of the Zuntz for-
mula is the sensitivity of the calculated pressure to
temperature and the fact that the mean tempera-
ture of the air column is not accurately known. For
example, the barometric pressure on the summit of
Mount Everest was calculated by Kellas to be
267 mmHg for a mean temperature of �15°C, but
only 251 mmHg for a mean temperature of 0°C.

2.2.2 Physical principles

Barometric pressure decreases with altitude because
the higher we go, the less atmosphere there is above
us pressing down by virtue of its weight. If the atmos-
phere were incompressible, as is very nearly the case
in a liquid, barometric pressure would decrease
linearly with altitude, just as it does in a liquid.
However, because the weight of the upper atmos-
phere compresses the lower gas, barometric pressure
decreases more rapidly with height near the earth’s
surface. If temperature were constant, the decrease in
pressure would be exponential with respect to alti-
tude, but because the temperature decreases as we go
higher (at least, in the troposphere), the pressure falls
more rapidly than the exponential law predicts.

The relationships between pressure, volume and
temperature in a gas are governed by simple laws.
These derive from the kinetic theory of gases which
states that the molecules of a gas are in continuous
random motion, and are only deflected from their
course by collision with other molecules, or with the
walls of a container. When they strike the walls and
rebound, the resulting bombardment results in a
pressure. The magnitude of the pressure depends on
the number of molecules present, their mass and
their speed:

● Boyle’s law states that, at constant temperature,
the pressure (P) of a given mass of gas is
inversely proportional to its volume (V), or
PV � constant (at constant temperature).
This can be explained by the fact that as 
the molecules are brought closer together
(smaller volume), the rate of bombardment 
on a unit surface increases (greater pressure).

● Charles’ law states that at constant pressure,
the volume of a gas is proportional to its
absolute temperature (T), or V/T � constant
(at constant pressure). The explanation is that a
rise in temperature increases the speed and
therefore the momentum of the molecules, thus
increasing their force of bombardment on the
container. Another form of Charles’ law states
that at constant volume, the pressure is pro-
portional to absolute temperature. (Note that
absolute temperature is obtained by adding 
273 to the Celsius temperature. Thus
37°C � 310 K.)
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● The ideal gas law combines the above laws
thus: PV � nRT, where n is the number of
gram molecules of the gas and R is the ‘gas
constant’. When the units employed are mmHg,
liters and kelvin, then R � 62.4. Real gases
deviate from ideal gas behavior to some extent
at high pressures because of intermolecular
forces, which are neglected in the derivation of
the real gas law.

● Dalton’s law states that each gas in a mixture
exerts a pressure according to its own
concentration, independently of the other gases
present. That is, each component behaves as
though it were present alone. The pressure of
each gas is referred to as its partial pressure or
tension (now obsolete). The total pressure is
the sum of the partial pressures of all gases
present. In symbols: Px � PFx, where Px is the
partial pressure of gas x, P is the total pressure
and Fx is the fractional concentration of gas x.
For example, if half the gas is oxygen,
FO2 � 0.5. The fractional concentration always
refers to dry gas.

● The kinetic theory of gases explains their
diffusion in the gas phase. Because of their
random motion, gas molecules tend to
distribute themselves uniformly throughout
any available space until the partial pressure 
is the same everywhere. Light gases diffuse faster
than heavy gases because the mean velocity of
the molecules is higher. The kinetic theory of
gases states that the kinetic energy (0.5 mv2) of
all gases is the same at a given temperature and
pressure. From this it follows that the rate of
diffusion of a gas is inversely proportional to the
square root of its density (Graham’s law).

On the basis of different rates of diffusion, one
might expect that very light gases such as helium
would separate and be lost from the upper atmos-
phere. This does happen to some extent at extreme
altitudes. However, at the altitudes of interest to 
us, say up to 10 km, convective mixing maintains a
constant composition of the atmosphere.

Vertically, the atmosphere can be divided on the
basis of temperature variations into the troposphere,
the stratosphere and regions above that. The tropo-
sphere is the region where all the weather phenom-
ena take place and is the only region of interest 
to high altitude medicine. Here, the temperature

decreases approximately linearly with altitude until
a low of about �60°C is reached. The troposphere
extends to an altitude of about 19 km at the equator
but only to about 9 km at the poles. The average
upper limit is about 10 km.

Above the troposphere is the stratosphere where
the temperature remains nearly constant at about
�60°C for some 10–12 km of altitude. The inter-
face between the troposphere and stratosphere is
known as the tropopause.

Beyond the stratosphere, temperatures again vary
with altitude. One of the important components of
this region is the ionosphere where the degree of ion-
ization of the molecules makes short-wave radio
propagation possible.

2.2.3 Standard atmosphere

With the development of the aviation industry in
the 1920s it became necessary to develop a baro-
metric pressure–altitude relationship that could be
universally accepted for calibrating altimeters, low
pressure chambers and other devices. Although it
had been recognized for many years that the rela-
tionship between pressure and altitude was tempera-
ture dependent and, as a result, latitude dependent,
there were clear advantages in having a model
atmosphere that applied approximately to mean
conditions over the surface of the earth. This is
often referred to as the ICAO standard atmosphere
(1964) or the US standard atmosphere (NOAA
1976). These two are identical up to altitudes of
interest to us.

The assumptions of the standard atmosphere
are a sea level pressure of 760 mmHg, sea level tem-
perature of �15°C and a linear decrease in temper-
ature with altitude (lapse rate) of 6.5°C km�1 up 
to an altitude of 11 km (Table 2.1). Haldane and
Priestley (1935, p. 323) gave the following expres-
sion for the pressure–altitude relationship of the
standard atmosphere in the second edition of their
textbook Respiration:

where P0 and P are the pressures in mmHg at 
sea level and high altitude respectively, and H is 
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the height in thousands of feet. A more rigorous
description is given in the Manual of the ICAO
Standard Atmosphere (ICAO 1964).

It should be emphasized that this model atmos-
phere was never meant to be used to predict the
actual barometric pressure at a particular location.
Rather it was developed as a model of more or less
average conditions within the troposphere with full
recognition that there would be local variations
caused by latitude and other factors. Nevertheless,
the standard atmosphere has assumed some impor-
tance in respiratory physiology because it is univer-
sally used as the standard for altimeter calibrations,
and it has frequently been inappropriately used to
predict the pressure at various specific points of
the earth’s surface, particularly on high mountains.

Haldane and Priestley (1935) clearly understood
that the standard atmosphere predicted barometric
pressures considerably lower than those given by
the expression of Zuntz et al. (1906), which had
been shown by FitzGerald to predict accurately
pressures in the Colorado mountains when a mean
air column temperature of �15°C was assumed.

Nevertheless, some physiologists have used the
standard atmosphere for predicting the pressure at

great altitudes, for example on Mount Everest
(Houston and Riley 1947, Riley and Houston 1951,
Rahn and Fenn 1955, Houston et al. 1987). The
barometric pressure calculated in this way for the
Everest summit (altitude 8848 m) is 236 mmHg,
which is far too low. In retrospect, one of the reasons
for the indiscriminate use of the standard atmos-
phere was undoubtedly its very frequent employ-
ment in low pressure chambers during the very
fertile period of research on respiratory physiology
during World War II.

Climbers using altimeters from sports shops,
including those on some wristwatches, should be
aware that these use the standard atmosphere to
convert barometric pressure to altitude. The differ-
ence between the readings given by these altimeters
and the true altitude up to about 3000 m is unim-
portant for navigation in the mountains. From 4000
to 5000 m a climber should add 3% to the altimeter
reading to get a truer altitude. From 5000 to 6000 m
the change is 4%, from 6000 to 8000 m the change is
about 5%, and above 8000 m it is 6–7%. Of course, if
the altimeter also reads pressure, the best solution is
to relate this to altitude using the model atmosphere
equation.
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Table 2.1 Barometric pressures (in mmHg) from the standard atmosphere (ICAO 1964) and a model atmosphere
(West 1996a): the latter is a better fit for most sites where high altitude physiology and medicine are studied

Altitude Standard pressure Model atmosphere

kilometers feet Barometric Inspired Barometric Inspired PO2

pressure PO2
a pressure

0 0 760 149 760 149
1 3 281 674 131 679 132
2 6 562 596 115 604 117
3 9 843 526 100 537 103
4 13 123 462 87 475 90
5 16 404 405 75 420 78
6 19 685 354 64 369 67
7 22 966 308 54 324 58
8 26 247 267 46 284 50
9 29 528 231 38 247 42
10 32 810 199 31 215 35

a The PO2 of moist inspired gas is 0.2094 (PB � 47).



2.2.4 Variation of barometric pressure
with latitude

The limited applicability of the standard atmosphere
is further clarified when we look at the relationship
between barometric pressure and altitude for differ-
ent latitudes (Fig. 2.1). This shows that the baromet-
ric pressure at the earth’s surface and at an altitude of
24 km is essentially independent of latitude. How-
ever, in the altitude range of about 6–16 km, there is
a pronounced bulge in the barometric pressure near
the equator both in winter and summer. Since the
latitude of Mount Everest is 28°N, the pressure at its
summit (8848 m) is considerably higher than would
be the case for a hypothetical mountain of the same
altitude near one of the poles.

The cause of the bulge in barometric pressure
near the equator is a very large mass of very cold
air in the stratosphere above the equator (Brunt
1952, p. 379). In fact, paradoxically, the coldest air
in the atmosphere is above the equator. This is

brought about by a combination of complex radia-
tion and convective phenomena which result in a
large up-welling of air near the equator. Another
corollary of the same phenomenon is that the height
of the tropopause is much greater near the equator
than near the poles. These latitude-dependent varia-
tions of pressure are of great physiological signifi-
cance for anyone attempting to climb Mount Everest
without supplementary oxygen, because they result
in a barometric pressure on the Everest summit
which is considerably higher than that predicted
from the model atmosphere. By the same token, a
climber at a high latitude such as Mount McKinley
(Denali) is at a considerable disadvantage because of
the low barometric pressure, especially in the winter
months.

2.2.5 Variation of barometric pressure
with season

Not only does barometric pressure alter with lati-
tude, but there are marked variations according to
the month of the year. For example, Fig. 2.2 shows
the mean monthly pressures for an altitude of 8848 m
as obtained from radiosonde balloons released from
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Figure 2.2 Mean monthly pressures for 8848 m
altitude as obtained from weather balloons released
from New Delhi, India. Note the increase during the
summer months. The mean monthly standard deviation
(SD) is also shown. The barometric pressure measured
on the Everest summit on 24 October 1981 (*) was
unusually high for that month. (From West et al. 1983a.)

Figure 2.1 Increase of barometric pressure near the
equator at various altitudes in both summer and winter.
Vertical axis shows the pressure increasing upwards
according to the scale on the right. The numbers on the
left show the barometric pressures at the poles for
various altitudes; the altitude of Mount Everest is
8848 m. (From Brunt 1952.)



New Delhi, India, over a period of 15 years. Delhi
has about the same latitude as Everest. Note that
the mean pressures were lowest in the winter months
of January and February (243.0 and 243.7 mmHg,
respectively) and highest in the summer months of
July and August (254.5 mmHg for both months).
The monthly standard deviation showed a range 
of 0.65 mmHg (July) to 1.66 mmHg (December).
The daily standard deviation was as low as 1.54 in
the summer and as high as 2.92 in the winter. The
standard deviation shown on Fig. 2.2 is the mean of
the monthly standard deviation for the 12 months
of the year.

The single measurement of barometric pressure
(253.0 mmHg) made by Pizzo on the summit of
Mount Everest on 24 October 1981 (West et al.
1983a) is also shown on Fig. 2.2. This was 4.3 mmHg
higher than that predicted from the data shown in
Fig. 2.1, which is twice the daily standard deviation
of barometric pressure for the month of October. It
should be added that Pizzo had an exceptionally fine
day for his summit climb, the temperature on the
summit being measured as �9°C, much higher than
expected for that altitude (section 2.3.1).

Figure 2.3 combines the effects of latitude and
month of the year on the barometric pressure at 
an altitude of 8848 m. The data are for the north-
ern hemisphere, and the pressures for the months
of January (midwinter), July (midsummer) and
October (preferred month for climbing in the post-
monsoon period) are compared. The profile for the
month of May, which is the usual month for reach-
ing the summit in the pre-monsoon season, is almost
the same as that for October. The data are the means
from all longitudes (Oort and Rasmusson 1971).
The data clearly show the marked effects of both
latitude and season on barometric pressure. It is
interesting that in midsummer the pressure reaches
a maximum near the latitude of Mount Everest
(28°35�N). Figure 2.3 shows that if Mount Everest
was at the latitude of Mount McKinley (63°N), the
pressure on the summit would be very much lower.

Radiosonde balloons are released from meteo-
rological stations all over the world twice a day, and
the resulting data on the relationship between
barometric pressure and altitude are available from
constant pressure charts. Details on how to obtain
these are given in West (1993a). Using these data it
can be shown that the barometric pressure on the
Everest summit was 251 mmHg when Messner and

Habeler made their first ascent without supple-
mentary oxygen in 1978. In August 1980, Messner
made the first solo ascent without supplementary
oxygen and he was fortunate that the barometric
pressure was unusually high at 256 mmHg. When
Sherpa Ang Rita made the first winter ascent on 22
December 1987, the barometric pressure was only
247 mmHg.

2.2.6 Barometric pressure–altitude
relationship for locations of importance
in high altitude medicine and
physiology

We have seen that the standard atmosphere generally
underestimates the pressures on the high mountains
which are of interest to people concerned with high
altitude medicine and physiology. Recently, it has
been possible to define the barometric pressure–
altitude relationship in the Himalayan and Andean
ranges with some accuracy, and it transpires that
the relationship holds for many other locations
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Figure 2.3 Barometric pressure at the altitude of
Mount Everest plotted against latitude in the northern
hemisphere for midsummer, midwinter, and the
preferred month for climbing in the post-monsoon
period (October). Note the considerably lower pressures
in the winter. The arrows show the latitudes of Mount
Everest and Mount McKinley. (From West et al. 1983a.)



where high altitude medicine and physiology are
studied.

As already stated, the first direct measurement
of barometric pressure on the Everest summit was
obtained by Pizzo in 1981 during the course of the
American Medical Research Expedition to Everest
(West et al. 1983a). The value was 253 mmHg, as
shown on Fig. 2.2. During the same expedition,
careful measurements of barometric pressure were
made at two other locations on Mount Everest
where the altitudes were accurately known. These
were the Base Camp (altitude 5400 m) and Camp
5, just above the South Col (altitude 8050 m). These
points lay very close to a straight line on a log pres-
sure–altitude plot and therefore allowed the baro-
metric pressure–altitude relationship at very high
altitudes on Mount Everest to be accurately described
for the first time (Fig. 2 in West et al. 1983a). This
relationship is of great physiological interest because,
as discussed in Chapter 12, the pressure near the
summit is so low that the PO2 is very near the limit
for human survival.

More recently, additional measurements have
been made at very high altitudes on Mount Everest
(West 1999a). Another direct measurement was
made on the summit in May 1997 and this agreed
within 1 mmHg of Pizzo’s measurement of
253 mmHg. In addition, a large number of meas-
urements were reported from a barometer that
telemetered information from the South Col (alti-
tude 7986 m). When these points were added to
those obtained during the 1981 expedition (Fig.
2.4), they greatly increase our confidence in the
barometric pressure–altitude relationship.

Two other pieces of data have more recently come
to light: Charles Corfield made a single measurement
of the barometric pressure on the Everest summit
at 10 a.m. on 5 May 1999. He used a Kollsman
aneroid barometer and the value was 253 mmHg
(personal communication). The air temperature was
�18°C, and this had been shown not to affect the
calibration of the barometer. The other data point
comes from measurements made on the South Col
by the Italian Ev-K2-CNR program. They reported
52 measurements of barometric pressure on 29
and 30 September and 1 October 1992 (personal
communication). The mean value was 383.0 mbar
(287 mmHg). This is the same pressure as that
found by the MIT group in August 1997 (West
1999a). These two additional pieces of data fit very
well with the other measurements listed above.

2.2.7 Model atmosphere equation

It is now possible to provide a barometric pressure–
altitude relationship that accurately predicts the
pressure at most locations of interest to high alti-
tude medicine and physiology (West 1996a). The
data are shown in Fig. 2.5. The prediction is partic-
ularly good if the locations lie within 30° of the
equator, and especially if the pressure is measured
in the summer months. Since many studies of high
altitude medicine and physiology are carried out in
locations and times that fulfill these criteria, the
relationship is very useful in practice. The equation
of the line is

PB � exp(6.63268 � 0.1112h � 0.00149h2)

where PB is the barometric pressure (in mmHg)
and h is the altitude in kilometers. This has been
called the model atmosphere equation, and is use-
ful for theoretical calculations in high altitude
physiology such as predicting the effects of oxygen
enrichment at different altitudes. The algorithms
for both the standard and model atmospheres are
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Figure 2.4 Barometric pressure–altitude relationship
for Mount Everest. The circles show data from the 1981
American Medical Research Expedition to Everest. The
cross at the summit altitude (8848 m) is from the 1997
NOVA expedition. The cross at an altitude of 7986 m is
from measurements made by the Massachusetts
Institute of Technology in 1998. The standard deviations
are too small to show on the graph. The line
corresponds to the model atmosphere equation:
PB � exp(6.63268 � 0.1112h � 0.00149h2) where h is in
kilometers. (From West 1999a.)



available on the web at <http://medicine.ucsd.edu/
phys/convert.html>.

2.2.8 Barometric pressure and 
inspired PO2

As we have seen, the composition of the atmosphere
is constant up to altitudes well above those of med-
ical interest so it is safe to assume that the concen-
tration of oxygen in dry air is approximately
20.94%. However, the effects of water vapor on 
the inspired PO2 become increasingly important at
higher altitudes.

When air is inhaled into the upper bronchial
tree, it is warmed and moistened and becomes sat-
urated with vapor at the prevailing temperature.

The water vapor pressure at 37°C is 47 mmHg and
this, of course, is independent of altitude. Thus the
PO2 of moist inspired gas is given by the expression

PI,O2 � 0.2094 (PB � 47)

where PB is barometric pressure. This equation shows
how much more important water vapor pressure
becomes at very high altitudes. For example, at sea
level, the water vapor pressure at 37°C is only 6%
of the total barometric pressure. However, on the
summit of Mount Everest, where the barometric
pressure is about 250 mmHg, the water vapor pres-
sure is nearly 19% of the total pressure, and the
inspired PO2 is correspondingly further reduced
(see Table 2.1).

It has been pointed out from time to time that a
relatively small reduction in body temperature at
extreme altitude would confer a substantial increase
in inspired PO2. For example, if the body temperature
fell to 35°C where the water vapor is 42 mmHg, the
PO2 of moist inspired gas would be increased from
42.5 to 43.5 mmHg. This increase of 1 mmHg
would be beneficial because the arterial PO2 would
increase by approximately the same extent, and
since the oxygen dissociation curve is very steep at
this point, there would be an appreciable gain in
arterial oxygen concentration. However, there is 
no evidence that body temperature falls at extreme
altitude. Nor is it reasonable to assume that the tem-
perature in the alveoli where gas exchange takes
place would be significantly less than the body core
temperature.

2.2.9 Physiological significance of
barometric pressure at high altitude

Since the barometric pressure directly determines
the inspired PO2, it is clear that the variations of
barometric pressure with latitude and season, as
described in sections 2.2.4 and 2.2.5, will affect the
degree of hypoxemia in the body. For example, a
climber on Mount McKinley in Alaska, which is
situated at a latitude of 63°N, will be exposed to a
considerably lower barometric pressure on the sum-
mit than would be the case for a mountain of the
same height located in the tropics (see Fig. 2.3).

The reduction in inspired PO2 resulting from
the lower barometric pressure will not only reduce
exercise performance but may also increase the risk
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Figure 2.5 Barometric pressure–altitude relationship
corresponding to the model atmosphere equation. Note
that it predicts the altitudes of many locations of
interest in high altitude medicine and physiology very
well. The lower line shows the standard atmosphere
which predicts pressures that are too low. The locations
and measured pressures are as follows: 1) Collahuasi
mine, Chile, 438 mmHg; 2) Aucanquilcha mine, Chile,
372 mmHg; 3) Vallot observatory, France, 452 mmHg; 
4) Capanna Margherita, Italy, 440 mmHg; 5) Mount
Everest Base Camp, Nepal, 400 mmHg; 6) Mount Everest
South Col, 284 mmHg; 7) Mount Everest summit,
253 mmHg; 8) Cerro de Pasco, Peru, 458 mmHg; 
9) Morococha, Peru, 446 mmHg; 10) Lhasa, Tibet,
493 mmHg; 11) Crooked Creek, California, 530 mmHg;
12) Barcroft laboratory, California, 483 mmHg; 13) Pikes
Peak, Colorado, 462 mmHg; 14) White Mountain summit,
California, 455 mmHg. (From West 1996a.)
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of altitude illness. In fact there is evidence that this
may be the case at the comparatively modest alti-
tudes of Summit County, Colorado (2650–2950 m)
as reported by Reeves et al. (1994). They found that
barometric pressure and environmental tempera-
ture averaged 8 mmHg and 23°C lower in winter
compared with summer months. While the number
of visits to the Summit Medical Center (2773 m)
was nearly the same in the two periods, the propor-
tion of patients with high altitude pulmonary edema
was higher in winter, though interestingly there was
no difference in the incidence of acute mountain
sickness. Cold seemed to be more important than
barometric pressure.

The variations of barometric pressure with lati-
tude and season become particularly significant
from a physiological point of view at extreme alti-
tudes such as near the summit of Mount Everest.
For example, it has been shown that if the pressure
on the Everest summit conformed to the standard
atmosphere, it would be impossible to climb the
mountain without supplementary oxygen (West
1983). In addition, the variation of barometric pres-
sure with month of the year shown in Fig. 2.2 indi-
cates that it would be considerably more difficult
to reach the summit without supplementary oxy-
gen in the winter as a result of the reduced inspired
PO2, quite apart from the obvious difficulties of
lower temperatures and high winds. Although
there have now been many ascents of Everest with-
out supplementary oxygen in the pre- and post-
monsoon seasons, only one person has made a
winter ascent without supplementary oxygen. This
was Sherpa Ang Rita on 22 December 1987 when
the barometric pressure was 247 mmHg based on
radiosonde balloon data for that date. Therefore
the pressure was much higher than it typically
becomes in midwinter, for example in late January
(see Fig. 2.2). This topic is considered in more
detail in Chapter 12.

2.3 FACTORS OTHER THAN BAROMETRIC
PRESSURE AT HIGH ALTITUDE

2.3.1 Temperature

Temperature falls with increasing altitude at the rate
of about 1°C for every 150 m. This lapse rate is essen-
tially independent of latitude. The consequence is

that on a very high mountain, such as Mount
Everest, the average temperature near the summit is
predicted to be about �40°C. Most climbers choose
the warmer months of the year. In May, a tempera-
ture of �27°C was measured at an altitude of 8500 m
on Everest (Pugh 1957), although Pizzo obtained a
temperature of �9°C on the summit in October
(West et al. 1983a). In the winter the temperatures
are much lower. However, even then they do not
approach the extremely low temperatures seen in
northern Canada or Siberia during midwinter.

More important than temperature per se is the
wind chill factor. Wind velocities on Himalayan
peaks have often been estimated to be in excess of
150 km h�1, though few measurements have been
made. Such high winds result in extremely severe
chill factors at low temperatures and can make
climbing impossible. Cold injury is common in the
mountains and is discussed in Chapter 23.

2.3.2 Humidity

Absolute humidity is the amount of water vapor
per unit volume of gas at the prevailing tempera-
ture. This value is extremely low at high altitude
because the water vapor pressure is so depressed at
the reduced temperature. Thus even if the air is
fully saturated with water vapor, the actual amount
will be very small. For example, the water vapor
pressure at �20°C is 17 mmHg but only 1 mmHg
at �20°C.

Relative humidity is a measure of the amount 
of water vapor in the air as a percentage of the
amount that could be contained at the prevailing
temperature. This value may be low, normal or
high at altitude. The disparity between absolute
and relative humidities is explained by the fact that
even saturated air is unable to contain much water
vapor because of the very low temperature. If this
air is warmed without allowing additional water
vapor to form, its relative humidity falls.

The very low absolute humidity at high altitude
frequently causes dehydration. First, the insensible
water loss caused by ventilation is great because 
of the dryness of the inspired air. In addition, the
levels of ventilation may be extremely high, espe-
cially on exercise (Chapter 11), and this increases
water loss. For example, near the summit of Mount
Everest, the total ventilation is increased some 
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five-fold compared with sea level for the same level
of activity. Pugh (1964b) calculated that during
exercise at 5500 m altitude, the rate of fluid loss from
the lungs alone was about 2.9 g water per 100 L of
ventilation (body temperature and pressure, satu-
rated with water vapor, or BTPS). This is equivalent
to about 200 mL of water per hour for moderate
exercise.

However, it is likely that Pugh’s calculation gives
erroneously high values because the temperature
of expired gas is below body temperature, and the
gas is probably not fully saturated with water even
at this lower temperature (Loewy and Gerhartz
1914, Burch 1945, Webb 1951, Ferrus et al. 1980).
Using an equation given by Ferrus et al. (1984),
Milledge (1992) calculated that the water loss is
only about 30–40% of that calculated assuming
that the expired gas is fully saturated at body tem-
perature in a climber at extreme altitude. Actual
measurements during climbing at extreme altitude
would be valuable.

There is evidence that the dehydration resulting
from these rapid fluid losses does not produce as
strong a sensation of thirst as at sea level. As a result,
it is necessary for climbers to drink large quantities
of fluids at high altitude to remain hydrated even
though they have little desire to do so. For people
climbing 7 h a day at altitudes over 6000 m, 3–4 L of
fluid are required in order to maintain a urine out-
put of 1.5 L day�1 (Pugh 1964b). Even so, it appears
that people living at very high altitude are in a state
of chronic volume depletion (Blume et al. 1984). In a
group of subjects living at an altitude of 6300 m dur-
ing the American Medical Research Expedition to
Everest, serum osmolality was significantly increased
compared with sea level despite the fact that ample
fluids were available and the lifestyle in terms of
exercise and diet was not exceptional (Blume et al.
1984).

2.3.3 Solar radiation

The intensity of solar radiation increases markedly
at high altitude for two reasons. First, the much

thinner atmosphere absorbs fewer of the sun’s rays,
especially those of short wavelength in the near
ultraviolet region of the spectrum. Second, reflec-
tion of the sun from snow greatly increases radia-
tion exposure.

The reduced density of the air causes an increase
in incident solar radiation of up to 100% at an alti-
tude of 4000 m compared with sea level (Elterman
1964). The fact that mountain air is so dry is
another important factor because water vapor in
the atmosphere absorbs substantial amounts of
solar radiation.

The efficiency with which the ground reflects
solar radiation is known as its albedo. This varies
from less than 20% at sea level to up to 90% in the
presence of snow at great altitudes (Buettner
1969). Mountaineers are familiar with the extreme
intensity of solar radiation, especially on a glacier
in a valley between two mountains. Here the sun-
light is reflected from both sides as well as from the
snow or ice on the glacier and the heat can be very
oppressive despite the great altitude. A conse-
quence of this is the extreme variation in tempera-
ture which has been noted in camps under these
conditions.

2.3.4 Ionizing radiation

The intensity of cosmic radiation increases at high
altitude because there is less of the earth’s atmos-
phere to absorb the rays as they enter from space.
This is the reason why cosmic radiation laborato-
ries are often located on high mountains. It has
been shown that, at an altitude of 3000 m, the
increased cosmic radiation results in an increased
radiation dose to a human being of approximately
0.0007 Gy year�1 (70 mrad year�1). This should be
considered in relation to the normal background
radiation dose from all sources of 0.0005–0.004 Gy
year�1 (50–400 mrad year�1). The increased ioniz-
ing radiation of high altitude has been cited as one
of the factors causing acute mountain sickness
(Bert 1878), but there is no scientific basis for this
assertion.

Factors other than barometric pressure 25



This page intentionally left blank 



3
Geography and the human
response to altitude

3.1 Introduction 27

3.2 Population 30

3.3 Terrain 31

3.4 Climate 32

3.5 Economics 33

3.6 Load carrying 34

3.7 Houses and shelter 36

3.8 Clothing 37

3.9 Human response to cold and altitude 37

SUMMARY

The highland areas of the world support consider-
able populations. The climate is harsh and methods
of cultivation have to be adapted to the terrain.
Terracing has been brought to a fine art in the
mountain regions, although the South American
altiplano and the Tibetan plateau allow normal
methods of cultivation. Animal husbandry and min-
ing are important, and tourism is becoming increas-
ingly popular and can contribute significantly to the
economy of mountainous regions.

Mountains often form boundaries between cul-
tures. Highland peoples have developed a physique
that enables them to survive under severe condi-
tions of cold and hypoxia. Commerce in high val-
leys without roads depends on porters and without
their remarkable capacity to carry loads the 
economy would remain static. Acclimatization to
hypoxia is complex and far reaching and depends
on the severity and rate at which oxygen lack is
imposed (Chapter 4). Local cold tolerance but not
general cold acclimatization occurs, and protection
is mainly by cultural methods, clothing and shelter.

3.1 INTRODUCTION

Although the expression ‘high altitude’ has no pre-
cise definition, the majority of individuals have
certain clinical, physiological, anatomical and bio-
chemical changes which occur at levels above 3000 m.
Individual variation is, however, considerable and
some people are affected at levels as low as 2000 m.
For sea level visitors, an altitude of 4600–4900 m
represents the highest acceptable level for permanent
habitation; for high altitude residents 5800–6000 m
is the highest so far recorded (West 1986a). Indeed,
the highest permanent human habitation is proba-
bly the town of La Rinconada, a town of about 7000
inhabitants in southern Peru, at an altitude of 5100 m
(West 2002a). Although even altitude residents are
affected by the altitude, the limit of permanent
habitation is probably dictated by economic, rather
than physiological, factors. Above 5000 m, even in
the tropics, crops cannot be grown and animals
cannot be pastured all year round. Nomadic and
semi-nomadic peoples regularly take their flocks to
pastures higher than 5000 m but these are not per-
manent dwellings. In South America, archaeological



sites have been found at 6271 m on Llullaillaco,
but there is no evidence that these were permanent
dwellings.

The main areas of the world above 3000 m are:

● The Tibetan plateau
● The Himalayan range and its valleys
● The Tien Shan and Pamir
● The mountain ranges of east Turkey, Iran,

Afghanistan and Pakistan
● The Rocky Mountains and Sierra Nevada of the

USA and Canada
● The Sierra Madre of Mexico
● The Andes of South America
● The European Alps
● The Pyrenees between Spain and France
● The Atlas Mountains of North Africa
● The Ethiopian highlands
● The mountains of East and South Africa
● The plateau and mountains of Antarctica
● Parts of New Guinea and other small regions

such as Hawaii, Tenerife and New Zealand

The European Alps do not support a large high
altitude population, but the region is vitally impor-
tant because of its position at the crossroads of
Europe and because modern investigation into all
aspects of mountain science originated there.

The three main regions that support large popu-
lations are the Tibetan plateau and Himalayan val-
leys, the Andes of South America and the Ethiopian
Highlands. Although the plateau and peaks of
Antarctica are a large area of high altitude there is no
indigenous population.

3.1.1 European Alps

The early development of all branches of mountain
science resulted from the increasing ability to travel
in these inhospitable regions, due to developments
in mountaineering and skiing. The word ‘alp’ is
based originally on a Celtic word meaning ‘high
mountain’: the modern use of this word meaning
‘high pasture’ dates from the Middle Ages.

The history of the European Alps is the story of
how this region, constrained by its geographical
position and topography, became a vital and indis-
pensable link in the communications of the whole
of Europe. The discovery of ‘Similaun Man’, some

5000 years old, at a height of 3210 m shows that con-
siderable altitudes were reached by local people when
crossing from one valley to another. The deposition
of gold bracelets to propitiate the mountain gods was
common from prehistory to the Middle Ages and
many offerings have been found in the neighborhood
of the Great St Bernard Pass. Here the Roman deity
Poeninus presided over the crossing and he is com-
memorated in the present day name, Pennine Alps.

The century between 50 BCE and 50 CE was the
first period in which the whole of the European
Alps came into the orbit of one political system,
the Roman Empire, with communications linking
Rome via the Alpine passes with the periphery of
that empire. Many of the names used for subre-
gions, such as Alps Maritimae and Alps Cottiae, are
still in use today.

The native population was neither static nor
homogenous, but it was the Romans who estab-
lished the main framework of communication in
this region. However, their roads had little impact
on the essential pasturalism of the Alpine economy
and the mountains themselves were feared by the
Romans as the abode of dragons and evil forces.
The people, with their susceptibility to goiter, were
not much admired either.

It was not until the nineteenth century that grad-
ual easing of communications opened up the whole
region to the outside world and ignorance turned to
knowledge and understanding (Snodgrass 1993).

3.1.2 Himalayas and Tibetan plateau

The Himalayas form a topographically extremely
complex region, extending 1500 miles from Nanga
Parbat (8125 m) in the west to Namcha Barwa
(7756 m) in the east. At their western extremity they
are part of a confused mass of peaks, passes and
glaciers where the western Kun Lun, Karakoram, Pir
Panjal and Pamirs form an area the size of France.
The Himalayas contain the world’s highest moun-
tain, Mount Everest (8848 m), and many other peaks
over 7500 m. The main range forms the watershed
between Central Asia and India, and there are 
middle ranges at intermediate altitudes. The outer
Himalayas (up to 1500 m) form foothills rising
from the plains of India.

The Tibetan plateau is an area occupied by
Tibetans, who have a well-defined culture. It extends
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in the south to the Himalayas and high Himalayan
valleys. To the west the plateau is demarcated by
the northward curve of the Himalayas which con-
tinues into Kashmir, Baltistan and then to Gilgit
and the Karakoram. To the north the peaks (up to
7700 m) of the Kun Lun range, 1500 miles long, mark
off the plateau of Tibet from Xinjiang (Chinese
Turkestan). To the east it extends to the Koko Nor
or Qinghai Lake and, further south, the valleys 
of Qinghai and Sikiang and the gorge country of
south-east Tibet.

The area covers about 1.5 million square miles
and is the largest and highest plateau in the world,
much of it at an altitude of 4600–4900 m. It pres-
ents an enormous range of climate and topogra-
phy. ‘Every 10 li (3 miles) heaven is different.’ The
major climatic contrast is between the southern
side of the Himalayas and the high valleys exposed
to the summer Indian monsoon with very high
rainfall, particularly in the east, and the aridity and
low rainfall of the Tibetan plateau. The change is so
abrupt that in some passes in the eastern Himalayas,
vegetation may change from tropical to subarctic
within a few yards.

The Tibetans believe that in the prehistoric era
their land was a large sea, Tethys, which, according
to the theory of plate tectonics, is correct. The
Royal Society/Chinese Academy of Sciences Tibet
Geotraverse in 1985–86 established that the thick-
ness of the Tibetan plateau crust, which at 70 km is
about twice as much as normal, is due mainly to
folding and thrusting that has occurred as a result
of India colliding with Asia, rather than India mov-
ing under Asia and elevating to a plateau (Chang 
et al. 1986). In mythology, Tibetans are descended
from the union of a forest monkey and a female
demon of the rocks, with the site of the first culti-
vated field being at Sothang in south-east Tibet,
but other legends place their origin further east.

The Tibetans have always regarded themselves
as living in the northern part of the world; the
Indians, however, considered the Himalayas to 
be the abode of the gods and inhabited by a race 
of supermen gifted with special knowledge, par-
ticularly of magic, and this probably accounts for
the popular European belief of Tibet as a place where
the immortal sages dwell, guarding the ultimate
secrets. Far from being isolated, however, Tibetans
have been subject to influences from China, India,
Central Asia and the Middle East for many centuries

(Stein 1972). Permanent buildings are found up to
3500 m with nomadic populations at higher levels.
Neolithic human remains have been found near
Lhasa (Ward 1990, 1991).

With increasing numbers of Han Chinese immi-
grants there are more than 3.0 million people living
over 3000 m, and it is estimated that the amount 
of this land available for agriculture is only 5% of
the total. In the valleys, fields are terraced; on the
plateau, larger fields are found in sheltered areas on
valley floors, but all are threatened by snow, hail,
wind and erosion. The opening of the Golmud to
Lhasa rail link in July 2006 means that it is possible
now to travel from all parts of China to Lhasa by
rail. This has been a prodigious enterprise. The link
is 1100 km; three-quarters of it at altitudes over
4000 m (West 2004a). The numbers of Han Chinese
at altitude in Tibet, as visitors or immigrants, are
bound to increase as a result. This immigrant pop-
ulation are at higher risk of altitude illness than
Tibetans (Chapter 17).

3.1.3 Andes of South America

The highland zone extends from Colombia in the
north to central Chile in the south, and is flanked
by an arid desert on its west, with a deeply eroded
escarpment to the east, which adjoins the Amazon
basin.

The central Andean region has three broadly
defined areas running parallel with the Pacific Ocean:
the cordillera occidentale, the altiplano, a broad
undulating plain at 4000 m in the middle, and the
cordillera orientale in the east.

The earliest archeological evidence for human
occupation dates back 20 000 years (MacNeish 1971)
and has been found at Ayacucho, Peru at 2900 m;
other early finds are recorded in central Chile,
Venezuela and Argentina. The skeleton of a man who
lived 9500 years ago has been found at Lauricocha
(4200 m) in Peru (Hurtado 1971). The pre-Inca
civilizations were situated mainly along the Pacific
Coast and the population subsisted mainly on
seafood. Little is known of the highland popula-
tion during this period.

The Inca civilization only achieved a position of
major importance in the 100 years preceding the
Spanish invasion of 1532. Spanish settlement of
highland areas was hindered by ecological restraints
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imposed by altitude and the nature of the terrain,
and, after consolidation of Spanish rule, Peru
remained under colonial domination for 300 years,
achieving independence in 1824.

Both agriculture and stock raising dominate the
subsistence economy, with the upper limit of agri-
culture at 4000 m and the upper limit of vegetation
at 4600 m. Mining is carried out at even greater
altitudes and tourism is increasingly popular.

3.1.4 Ethiopian highlands

No well-circumscribed highland zone exists. The
country is intersected by a number of rift valley sys-
tems, establishing a connection between the African
rift valley in the south and the Red Sea. The valley
systems divide the country into three reasonably
well-defined regions: the western highlands, the
eastern highlands and the rift valley itself with the
lowland area.

The northern part of the western highlands, the
Amhara highlands, attains the greatest altitude
(2400–3700 m). The highest peak of Ethiopia, Ras
Dashau (4620 m), is a volcanic outcrop and Lake
Tana, the origin of the Blue Nile, lies at the center of
the region. Much of Ethiopian history centers on
this area, which has been settled for many centuries.
It is inhabited by the largest of Ethiopia’s many pop-
ulation groups, the Amharas and Tigraeans, who are
the descendants of people who came from southern
Arabia prior to 1000 BCE (Sellassie 1972).

Gondar (3000 m), in the Amhara highlands,
with a population of 100 000, became the second
largest city in Africa, and it remained the capital of
Ethiopia until the middle of the first century, when
Addis Ababa was founded.

Much of the population of Ethiopia lives above
2000 m and in the highland area two types of culti-
vation, by plough and by hoe, predominate. Teff, a
type of grass which produces a small seed, is grown
up to 3000 m and is the mainstay of the agricul-
tural economy.

3.2 POPULATION

Most of the high altitude areas of the world are in
the economically least developed regions and for this
reason population numbers in relation to altitude

are difficult to obtain. Although the total popula-
tion living in mountainous regions is estimated at
400 million, the majority live at low altitude in the
valleys. De Jong (1968) ‘guessed’ that between 13
and 14 million people lived at altitudes above 3000 m.
The United Nations Food and Agricultural organi-
zation (FAO) recently published data indicating
that 45.6 million people lived at altitudes above
2500 m, 13.2 million above 3500 m and 4.1 million
of these at altitudes above 4500 m (Huddleston 
et al. 2003).

In South America large populations have lived
at high altitude since prehistory and the Andean
population at the time of the Spanish conquest was
estimated at between 4.5 and 7.5 million. In 1980 it
was considered that between 10 and 17 million
were living at over 2500 m and in Peru 30–40% of
the population of 4 million lived at or above this
height, with 1.5% living at over 4000 m.

In Asia and Africa the estimates are less accu-
rate. On the Tibetan plateau, which consists of the
autonomous region of Tibet (Xizang) and Qinghai
province, the population is estimated as between 
4 and 5 million. Lhasa (3658 m), in 1986, had about
130 000 inhabitants, mainly Tibetan, but recent
immigration of Han Chinese has increased this
number. Relatively small groups, nomads (at up to
5450 m) and miners (at up to 6000 m), live at higher
levels. Fairly large numbers live at altitudes exceeding
3000 m in the upper valleys of eastern Tibet, and in
Nepal about 60 000 live above this level, with a num-
ber of villages in Dolpo being at 5000 m (Snellgrove
1961). In Ethiopia about 50% of the total popula-
tion of 26 million live above 2000 m. Small popula-
tions in Mexico, the USA and the former USSR live
above 3000 m, for instance in Kyrgyzstan.

In tropical latitudes permanent settlements are
usually placed where both pasture and timber can be
used and the upper limit of habitation may fall
between the two. Further from the equator the upper
limit falls below the timber line and variation in tem-
perature becomes seasonal; the upper pasturelands
are thus used for a semi-nomadic economy. Perma-
nently inhabited villages are found at lower levels,
with isolated groups of buildings or shelters on the
pastures occupied for the grazing season and evacu-
ated during the winter. Considerable migration may
occur and part of the population may always be on
the move. One mine, now closed, was worked at
5950 m in South America; although the miners lived
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at rather lower altitudes, the caretakers lived there
permanently (West 1986a).

Those who spend periods at greater altitude are
mountaineers, who have evolved specialized tech-
niques of movement above the snow line. In winter,
movement across snow is essential for the feeding of
livestock quartered in isolated shelters. Since prehis-
toric times boards have been placed on the feet to
facilitate movement. The earliest references to prim-
itive skis are found in the Nordic sagas of 3000 BCE

and, in northern Norway, rock engravings of skiers
are dated at around 2500 BCE. In the UK skis were
used in Cumberland at the start of the eighteenth
century. The modern sport dates from 1870. No his-
torical evidence of the use of skis has been found in
South American or Tibetan populations.

Highland populations, being strategically placed
between prosperous lowland centers, play a vital

role in trade. Because they are physiologically well
adapted they are capable of crossing high moun-
tain passes with heavy loads and use their animals
to carry produce. Major mountain passes have for
centuries been arteries for trade, the movement of
people and ideas, and the dissemination of disease.
The closing of passes such as the Nangpa La between
the two different economies of Tibet and Nepal
caused a fall in living standards until readjustments
had been made.

3.3 TERRAIN

Although mountain country varies widely, there are
two distinct types: the high, flat, plateaux (Tibet and
the altiplano of South America) and deep valleys
(Himalayas and Andes) (Fig. 3.1).
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Figure 3.1 Contrasting terrain
and climate at altitude. (a)
Typical mountainous country on
southern slopes of the Himalaya.
(b) The north Tibetan plateau
with the Kun Lun range in the
background.



Plateaux can support large populations and
large towns but they may be isolated by virtue of
distance from lowland cities, which are usually the
center of government, commerce and industry.

In mountain valleys, because flat ground is at a
premium, populations tend to be smaller, with
groups perched on slopes and ridges far from one
another. The placing of houses in sunny positions
is more difficult and isolation within the commu-
nity is common. Communications are easily sev-
ered by land slips, avalanches and other natural
disasters. The funneling effect of valleys on wind
may increase its velocity with an ensuing stunting
effect on vegetation and trees. This also restricts
the placing of houses, as does the availability of
water and the possibility of natural disasters.

3.4 CLIMATE

The climate near the ground at high altitude has
several basic features. At any given latitude, seasonal
variation of monthly temperature is less at high
altitude than at sea level and, as the equator is
reached, seasonal variation virtually disappears.
Diurnal variations are considerable, and can show a
range of 30°C. This is because of high levels of long-
wave radiation that occur in cloudless skies during
the day and escape to clear skies at night. In over-
cast conditions the diurnal variation decreases.

With increasing altitude the temperature falls.
There is no uniform value for decline, or lapse rate,
although the figure 1°C for every 150 m is usually
given.

Solar radiation is an important factor in main-
taining thermal balance in humans at extreme alti-
tude. High winds are also a feature of mountains. A
gust of 231 mph has been recorded on Mount
Washington (1917 m) in the eastern USA.

3.4.1 Rainfall

In Asia, the monsoon flows from east to west across
India, cooling as it is forced to ascend by the
Himalayas. Water vapor condenses and falls as rain,
and as it passes to the west the monsoon becomes
depleted of water; the eastern Himalayas are thus
very wet, the western dry. In Darjeeling the annual

rainfall is 2000–3000 mm a year; in the central
Himalayas at Simla it is 1500 mm, but in the west at
Ladakh it is only 75 mm. The Karakoram is arid
whereas the eastern Himalayan region is tropical.

There is also considerable north–south varia-
tion with subarctic species on the Tibetan plateau
and tropical species often only a few hundred yards
away to the south. This is particularly marked on
some passes in the eastern Himalayas. On the plateau,
although ‘monsoon’ clouds are seen on the Tangulla
range, about 700 km north of Lhasa, precipitation is
small. In the deserts of the Tarim basin and Tsaidam
to the north of the Tibetan plateau, annual rainfall
may be less than 100 mm.

In the Andes the Pacific coastal strip is desert –
‘It never rains in Lima.’ Along the whole length of
the coast the cold Humboldt current cools the air
above the sea, reducing its capacity to retain mois-
ture which normally falls as rain. Once air passes
over the land, it is warmed again and increases its
capacity to retain moisture, making rain unlikely.

The western slopes of the Andes are dry; cacti
and eucalyptus trees flourish and only a few high
mountains are snow covered. The eastern slopes
which descend to the Amazon basin become pro-
gressively more humid and tree covered.

The rainfall in the UK and Europe is influenced
by the Gulf Stream. Records kept between 1884
and 1901 by the observatory on the summit of Ben
Nevis, Scotland (1300 mm), the highest peak in the
UK, show that the average daily sunshine was only
2 h and the annual rainfall was 3500 mm, as much
or more than Darjeeling (MacPhee 1936).

3.4.2 Temperature

The fall in temperature globally with altitude has
been discussed in Chapter 2. However, the tempera-
ture of mountain regions is very variable and records
of the observatory on the summit of Ben Nevis
(1300 m) between 1884 and 1901 show that the
mean temperature over these 17 years was �0.1°C;
the lowest temperature was �17°C and the highest
�19°C. On the plateau of the Cairngorms in
Scotland, which has an average height of around
1000 m, similar temperatures have been recorded
with winds gusting to over 160 km h�1 (100 mph).

In North America, Alaska and the Yukon a num-
ber of peaks of 6000 m lie within the Arctic Circle.
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Temperatures of �30°C at 5500–6000 m have been
recorded, with gale force winds, in the winter (Mills
1973b).

In the European Alps, the average temperature
was �13°C during a winter expedition up to 4000 m,
carried out over several days, in the Bernese
Oberland in Switzerland (Leuthold et al. 1975);
gale force winds were not uncommon. Temperatures
on the summit of Everest (8848 m) in winter are
probably of the order of �60°C; in summer the
average temperature would be about �30°C. Hillary
recorded a temperature of �27°C at 8500 m on
Everest at 3 a.m. on 29 May 1953, the day the first
ascent was made (Ward 1993b). On the Changthang
(the northern part of the Tibetan plateau), which
has an average height of 4900 m, there are few days
when the temperature reaches as high as 10°C, and
�25°C has been recorded.

In Lhasa (3658 m) there are about 100 days a
year when the temperature is around 10°C; in
summer it may rise as high as 27°C but in the win-
ter it falls to �15°C.

In Antarctica, the lowest recorded temperature
is �88.2°C and the highest 15.2°C. The dangers of
cold injury, therefore, are likely to complicate acci-
dents or illness in mountain regions.

3.4.3 Humidity

Ambient humidity influences heat loss from the
body by evaporation and, in regions where the
humidity is high, heat regulation is more difficult.
In arid areas with a low humidity, heat regulation is
easier.

3.4.4 Solar radiation

Although temperature falls with altitude there is
increased exposure to solar radiation (Chapter 2).
The amount of radiation absorbed by the body
depends on clothing and posture. The clear moun-
tain air permits an increased degree of direct radi-
ation which is enhanced by indirect radiation
reflected from the snow. The altitude of the sun is
also important (Chrenko and Pugh 1961). The
solar heat absorbed depends on the type of cloth-
ing; dark clothing absorbs more radiation than
light-colored clothing.

3.4.5 Ultraviolet radiation

There appears to be some increase in the level of
ultraviolet radiation at high altitude. Snow reflects
up to 90% of ultraviolet radiation, compared with
9–17% reflected from ground covered by grass
(Buettner 1969), so in snow-covered terrain the
combination of direct (incident) and reflected
ultraviolet radiation is considerable.

3.5 ECONOMICS

Most mountain communities depend on animal
husbandry and agriculture; mining is important 
in some regions but more recently tourism has
assumed a greater significance.

Animal husbandry predominates in regions
above the limit of agriculture. On the Tibetan
plateau, or Changthang, which covers two-thirds of
Tibet, there are immense herds of yak, sheep and
goats herded by nomads. Similar nomadic culture
was traditional in mountainous regions of central
Asian countries such as Kyrgyzstan, though now
most herdsmen are semi-nomadic, living in town or
village houses in the winter and in their traditional
felt covered tents (yurts) in the summer. In the bitter
climate nomadic pastoralism is the only viable and
economic way of life and this may have started
between 9000 and 10 000 years ago. The survival of
the animals depends exclusively on natural fodder,
which creates problems as the sedges and grasses
have only a short growing season between May and
September. Because there are no areas on the
plateau where grass will grow in the winter they can-
not escape the climate and, as extensive migration
would weaken the stock, only short distances, up to
40 miles, are traversed. Each family has a ‘home
base’, which is sometimes a house, and migrates to
set areas whose boundaries, though not fenced, are
all well known. On the Tibetan plateau tents made
of yak and sheep’s wool are used as dwellings.
Further north camels are common (Goldstein and
Beall 1989). In the upper Himalayan valleys the pat-
tern is similar, with flocks spending the summer on
pastures up to 5000 m, but below the snow line; in
the winter they return to more permanent and pro-
tected locations at 4000 m.

The llama (Lama glama) and yak (Bos grunniens)
are extremely important to the economy of the
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populations of the South American altiplano, and
of Tibet and the Himalayan valleys. Both these
species show genetic adaptation to high altitude
(Chapter 17).

The limiting factor in agriculture is the number
of months that the soil remains frozen; only a single
period of the year may be available for cultivation.
The type of crop may influence the size of popula-
tion. Potatoes introduced into the high Himalayan
valleys of Nepal between 1850 and 1860 increased
the population of Sola Khumbu in the Everest region
from 169 households in 1836 to 596 in 1957 (Fuhrer-
Haimendorf 1964, p. 10). Immigrants came from
Tibet over the Nangpa La, a glacier pass of 5800 m,
and, because food was more abundant, were able to
adopt the religious life and built many new monas-
teries. Increasing the productivity of the land, as well
as the area under cultivation in Tibet, may change
the pattern of life near the centers of population
under the present Chinese-organized regime.

Level land may have to be manufactured in the
form of terraces. This technique to produce land
for agriculture from even steeply sloping hillsides
is found in almost all mountainous areas but espe-
cially in the Himalayas and Andes. The terraces
range in size from a few square feet to a relatively
large area, but which is usually too small for pas-
ture (Fig. 3.2). Irrigation may involve ingenious
construction of water conduits from surrounding
streams. The task of building and maintaining ter-
races is considerable, especially as manure has to
be carried up and placed manually. Despite this,
terracing is a marked feature of populated moun-
tain valleys and, as it involves ownership and 

maintenance by groups rather than individuals, the
social implications are important. High grazing
pasture (alps) is also communal pasture land and
this too has social overtones.

Mining, which is often carried out above the
pasture level or in rocky terrain, may involve the
building of special towns and roads. In Tibet gold
mining has been carried on for centuries, often at
5000 m. However, shallow trenches were used and
no deep mines were worked. Recently, a gold mine
has been established at 4500 m in northern Chile,
and other mines are being opened at comparable
altitudes. In recently opened mines at high altitude
in Chile there are no resident high altitude popula-
tions. The miners live at low altitude with their
families and commute to the mine for a period of a
week or 10 days followed by the same period off
duty at low altitude. Thus they never fully acclima-
tize nor are they unacclimatized. This intermittent
exposure to altitude has been of interest to physio-
logists (Richalet et al. 2002) and is further discussed
in Chapter 27.

Tourism, particularly skiing, may involve devel-
oping an area which has no natural amenities except
good snow fields and glaciers. In 2001 about 20 000
tourists visited the Everest region out of about
100 000 trekkers and almost 300 000 tourists to
Nepal.

3.6 LOAD CARRYING

Loads are carried by all who visit mountainous
regions. In the valleys of the Himalayas professional
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Figure 3.2 Typical terraces in
Nepal after harvesting, late
autumn.



porters carry much of the merchandise and the
economy depends on them, together with yak and
mule transport (Fig. 3.3a).

Observations by Pugh in 1952 and 1953 on the
march in to Everest (Pugh 1955) suggest that loads 
of 40–50 kg, with an addition of 10 kg personal bag-
gage, are carried routinely by porters for 10–12 h over
10–12 miles each day. Often ascents and descents of
1000–1200 m are made, with loads of tea or paper
weighing over 60 kg occasionally being carried.

As the body weight of porters is usually 45–60 kg,
and the average height just over 150 cm, each porter
carries his own weight in merchandise.

Where possible, loads are carried in a conical,
light but strong, wicker basket, 22 by 30 cm at the
base and 50 by 70 cm at the top, with a height of
60 cm (Fig. 3.3b). Larger sizes are available for carry-
ing bulky loads such as leaf mold. Loads are sup-
ported by a strap passing over the forehead and
under the lower end of the basket. When in position
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Figure 3.3 Load carrying in the Himalayas. (a) A yak carrying
expedition equipment. (b) A young Nepalese porter with typical
basket and head strap carrying his young sister and a load.



the upper end of the basket is level with the top of
the porter’s head. The center of gravity therefore is
as close as possible to a vertical line passing through
the center of the pelvis, thus reducing the torque on
the spine. The advantage of the head band is that it
allows direct transmission of the load to the verte-
bral column, with muscles being used for balancing
rather than support, as when shoulder straps are
used. This method of carrying has to be learnt as a
child, and the neck muscles in all such Himalayan
porters are extremely well developed. In East Africa
heavy loads are carried in this way or just balanced
on the head. It has been suggested that this method
of load carrying, if practiced from childhood, is
more economic, in terms of oxygen consumption,
than the Western method in a rucksack (Maloiy 
et al. 1986). Minetti et al. (2006) found Nepalese
porters to have greatly increased performance in
load carrying compared with Caucasian moun-
taineers. This was especially true of uphill walking
(�60% in speed and �39% in mechanical power)
but they showed greater efficiency also in downhill
walking when carrying a load. The authors thought
the porters’ superior performance could be partly
explained by better balance control; they had less
oscillations of the trunk than the mountaineers, due
presumably to skill acquired over a lifetime of load
carrying. Thus they did not waste energy in the
unproductive muscle contraction needed by the
mountaineers to keep their balance.

Marching technique depends on the weight of
the load. With loads of 50 kg, stops are made every
2–3 min, with rests lasting 0.5–1.0 min after a dis-
tance of 70–250 m has been covered, depending on
the gradient. With lighter loads, rests for 2–3 min
every 10 min are normal. Longer pauses are made
every hour.

During rests, the loads are supported on a T-stick
about 1 m long, and the porter does not sit down.
When longer rests are taken, loads are placed on the
top of stone walls conveniently placed beside the
track, usually in the shade of a large tree.

Heart rate in porters walking up steep paths
varies between 150 and 170 beats min�1; on the
level between 100 and 124 beats min�1 and down-
hill between 80 and 104 beats min�1.

At about 3700 m, porter loads are reduced to
25 kg (gross weight 35 kg) which are carried to
5700 m. Exhaustion, when it occurs, is due to over-
work; that is, not enough rest days. Few porters

have any interest in climbing mountains and so
tend to give up when the effects of hypoxia appear.

With high altitude Sherpas, load-carrying abil-
ity is considerable. Without supplementary oxygen
on Everest in 1933 eight porters carried loads
weighing 10–15 kg to an altitude of 8300 m, as they
did on the Swiss Everest Expedition in 1952.

Low altitude porters carry their own food, eating
tsampa (pre-cooked barley) or ata (wheat flour),
which is made into a paste or dough, three times 
a day. Four seers (4 kg) of tsampa is the standard
ration for each man for 3.5 days, equivalent to
14.6 kJ (3500 kcal) man�1 day�1.

Mountaineers also carry considerable loads to
high altitude but use shoulder straps, climb more
slowly and stop less frequently.

3.7 HOUSES AND SHELTER

Cultural mechanisms that provide a comfortable
microclimate and reduce heat loss have been devel-
oped in all high altitude communities. The ideal
house should be draught-free with a low ratio of sur-
face area to volume and well constructed of material
which diminishes the daily extremes of tempera-
ture. The roof should be well insulated.

In the Andes the adobe (dried mud) building has
the first meter or so of the walls made of stone, the
roof is of tile, grass or tin and walls are plastered
with mud to provide an airtight structure; the roof
is tightly fitted and the floor may be wood or dirt.
Because of the method of construction the diurnal
change is reduced (Baker 1966). In the Himalayas
the thermal protection of stone structures built for
semi-nomadic occupation appears to be less. Tradi-
tional Sherpa houses often have only one floor, with
stone walls and wooden roofs held on with stones.
The ground floor is without windows and provides
quarters for animals; the first floor is for human
habitation. Windows usually have no glass, but
have wooden shutters, and an open fire is placed in
the center of one side, but this provides only a
transient increase in temperature. Nowadays, in
places like Namche Bazaar, where the benefits of
greatly increased tourism have increased wealth,
better housing with glass in the windows is to be
found. However, in areas less popular with trekkers,
such as the Rolwaling Valley, traditional Sherpa
houses are still common.
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In north Bhutan houses are similarly constructed
but animals are kept in a yard. Cracks between stones
in both Bhutanese and Sherpa houses are filled with
earth. Tibetan houses may be of more than one floor
and are often in terraces. Glass is rare and the houses
are heated by an open fire or stove. Nomads have
tents with a loose wide weave which enables warm
air to be entrapped but allows egress of smoke from
open fires and is waterproof. However, some semi-
nomadic families have a stove with a chimney.

In Central Asia the nomads traditionally live in
yurts. These tent-like structures have a wooden
frame, the tunduk, covered with felt. The floor and
walls are covered with rugs. Yurts are circular with
an opening in the center of the conical roof allow-
ing smoke to escape. This opening can be covered
or ‘cowled’ against the prevailing wind. The yurt
can be quickly dismantled and transported on
pack animals, yaks, camels or horses.

3.8 CLOTHING

Because of the generally low temperature and loss
of heat, particularly due to radiation and convec-
tion, clothing with good insulation is necessary to
provide a warm microclimate. Trapped, still air is
the best insulation and wool is the best naturally
available insulating material; it resists compacting
and loses only 40% of its insulating value when
wet. Garments that are loosely woven entrap more
air than those that are tightly woven.

A multiple layered system for garments is prefer-
able to one thick layer because insulation can be var-
ied at will, thus minimizing perspiration. The outer
layer should be as impermeable to wind as possible.
A sheepskin coat is the best naturally available gar-
ment that has many of these characteristics, and is
usually worn with cotton or wool undergarments.

In general, Andean clothing conforms to the
above model and natural clothing is adequate for
the conditions encountered. Measurements of insu-
lation of normal clothing without hats, shawls and
ponchos showed values for men slightly less than
those for women (Little and Hanna 1978). The
greatest increase in surface temperature occurred in
the hands and feet. At night, Andean highlanders,
who use a bedding of skins, can maintain their
metabolic rate by light shivering that does not 
disturb sleep.

In the high Himalayan valleys and Tibet, clothing
assemblies are similar. The main garment is a thick
sheepskin ‘chupa’ with long, wide sleeves which,
when extended, keep the hands warm; gloves are
never used. Normally the garment is gathered
around the waist by a belt and hitched up to the
knees so that there is a pocket for loose objects in
front of the chest. When the belt is loosened the gar-
ment extends to the ground and thus can be used as
a sleeping robe; often in warm conditions one or
both shoulders are left bare. Under this is a woolen
shirt and often long woolen, cotton or sheepskin
trousers. Soft leather boots with decorative wool leg-
gings extending to the knees are packed with grass,
straw or leaves but a Tibetan often may walk in bare
feet in the snow or through streams. Some wear a
felt hat or balaclava and, to prevent snow blindness,
yak hair is put in front of the eyes if goggles are not
available (Desideri 1712–27, Moorcroft and Trebeck
1841,Vol. 1 p. 399). Other methods used by Tibetans
include blackening the eyelids and wearing masks
with tiny eye holes, the rims of which are blackened
(MacDonald 1929, p. 182). Cotton clothing is
favored at high temperatures and low altitudes, but
nomads wear wool or sheepskin. Many now wear
wool sweaters and leather boots. Tibetan nomads
sleep resting on their elbows and knees with all
their clothes piled on their backs (Holditch 1907,
Duff 1999b). This ‘fetal position’ diminishes sur-
face area and therefore heat loss: contact with the
ground is also minimal.

Some Tibetan lamas have developed the ability
to ‘warm without fire’. The central core tempera-
ture is kept raised under cold conditions, both 
by increasing the metabolic rate, probably by con-
tinuous light shivering, and also by the practice of
g-tum-mo yoga (an advanced form of Tibetan yoga),
which appears to involve peripheral vasodilatation
(Pugh 1963, Benson et al. 1982).

Children have oil rubbed over their bodies and
adults seldom wash, the natural skin oils forming a
protective layer. Very few Tibetans living on the
plateau are obese (Bell 1928).

3.9 HUMAN RESPONSE TO COLD AND
ALTITUDE

The main environmental stresses of living in moun-
tain regions are cold and the hypoxia of altitude.
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3.9.1 Cold

Temperature is a more important factor than alti-
tude in colonizing high mountainous regions; high
altitude residents seem to withstand cold better
than sea level visitors to altitude.

Most of the process of adaptation to cold consists
of the adoption of clothing and housing which
reduce cold stress by maintaining a microclimate as
close as possible to the preferred temperature. How-
ever, some studies have demonstrated different
physiological responses in high altitude residents to
experimental cold stress compared with low altitude
controls. These have been summarized by Little and
Hanna (1978) in drawing from work on Andean
and Tibetan high altitude residents.

In response to abrupt exposure to cold, high
altitude residents, when contrasted with sea level
Caucasian control subjects, show the following
responses:

● No dramatic fall of core temperature
● A slightly elevated basal metabolic rate
● Consistently high surface temperatures in

extremities
● A slightly greater loss of body heat

These changes are probably the result of lifelong
intermittent exposure to modest cold stress rather

than cold plus altitude. Pugh (1963) found a num-
ber of these responses in a Nepalese pilgrim stud-
ied at 4500 m, who came from a village at only
1800 m. Benson et al. (1982) found similar changes
in Tibetans practicing g-tum-mo yoga. The eleva-
tion of basal metabolic rate may be the effect of
hypoxia and cold acting together (Little and Hanna
1978). Further aspects of cold adaptation are con-
sidered in Chapter 23.

3.9.2 Hypoxia

In order to colonize the mountainous regions
above about 3000 m, acclimatization to the chronic
hypoxia of altitude is important. This response to
hypoxia is discussed in detail in Chapter 4. People
born and brought up at altitude have certain
advantages over lowlanders and this is discussed in
Chapters 4 and 17. However, long-term residence
also carries the risk of chronic mountain sickness
and high altitude pulmonary hypertension (Chapter
21). The question of whether altitude populations
have undergone adaptation in the biological sense
of genetic selection for that environment is hotly
debated. There is some evidence that this has 
happened to a degree in the case of Tibetans (see
Chapter 17).
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SUMMARY

Altitude acclimatization is the physiological process
which takes place in the body on exposure to
hypoxia at altitude (or in a chamber). It comprises a
number of responses by different systems in the
body, which mitigate, to a degree, the effects of the
fall in oxygen partial pressure so that the tissues of
the body are defended against this fall to a remark-
able degree. Advantageous though this process is, it
does not restore performance to that at sea level.
Probably the most important change is the increase
in breathing (minute ventilation) due to stimulation
of the peripheral chemoreceptor (carotid bodies) by
hypoxia and changes in the chemical control of
breathing. Another is the well-known increase in
haemoglobin concentration in the blood. The time
courses of these responses vary but most of the
changes take place over a period of days up to a few
weeks. Individuals vary in the speed and extent to
which they can acclimatize. Apart from past history
of acclimatization there are no good predictors of
future performance. A recent interest is in the effect
of intermittent hypoxia. Intermittent hypoxia, in
sufficient dose, can produce some of the changes of
acclimatization.

Adaptation is a term used to describe the changes
which take place over generations by natural selection
enabling animals and humans to function better at
altitude.

Deterioration is a condition that is evident after
some time spent at extreme altitude. It develops over
weeks above about 5500 m, and over days above
8000 m. It is characterized by loss of appetite, weight
loss, lethargy, fatigue, slowness of thought and poor
judgement.

4.1 THE PHYSIOLOGICAL RESPONSE TO
HYPOXIA

4.1.1 Introduction

The response of the body to hypoxia depends cru-
cially on the rate as well as the degree of hypoxia. For
instance the effect on a pilot of sudden loss of oxygen
supply in an unpressurized aircraft at the height of
the summit of Mount Everest is quite different from
the effect of similar altitude on a climber who has
spent some weeks at altitude. The pilot would proba-
bly lose consciousness in a few minutes (Fig. 4.1)
whereas the climber, though very breathless, will not
only remain conscious but also be able to work out
his route and climb slowly upward.

The symptoms of acute hypoxia are few and 
subtle (Fig. 4.1). The effect of acute, often severe,
hypoxia has been studied intensively since Paul Bert
first pointed out the danger of ascent to high altitude
to early balloonists (Chapter 1). Figure 4.1 shows the
effect of sudden exposure to various increasing 



altitudes. At modest altitude breathlessness may be
felt on exertion and some rise in heart rate noticed
but the main effect is on the central nervous system.
At levels as low as 1500 m night vision is impaired
(Pretorius, 1970). At 4000–5000 m some tingling of
the fingers and mouth may be noticed but, although
the subject would now definitely be hypoxic, there
would be very little subjective sensation to indicate
this fact. Above about 5000 m some subjects may
become unconscious and above 7000 m most will do
so (Sharp, 1978). There is considerable individual
variation in response to acute hypoxia. Figure 4.1
shows the average time to loss of consciousness after
sudden exposure to given altitudes. It will be seen
that, on acute exposure to the altitude equivalent to
the summit of Everest, the unacclimatized subject
remains conscious for only about 2 min.

By contrast the effect of hypoxia on an acclima-
tized person is much less. The main symptom is
shortness of breath on exertion. The preferred rate of
climbing amongst mountaineers is at about 50%
VO2,max. This typically requires a ventilation of about
50 L min�1 at sea level, whereas at 6300 m the venti-
lation for this work rate will be about 160 L min�1,
close to the maximum voluntary ventilation at sea
level. The difference between the pilot and the
climber is due to a series of adaptive changes in the
body known as acclimatization.

As oxygen is such a vital substrate for mam-
malian life it is not surprising that hypoxia causes
many deleterious effects on many systems in the
body. Some of these changes are addressed in later
chapters; the term acclimatization is reserved for

those changes resulting from hypoxia which are
beneficial.

4.1.2 Definition of altitude
acclimatization

To mountaineers, acclimatization is the process by
which they become more comfortable at altitude
and find they can perform better than when they
first arrived at a particular altitude. Subjectively,
there is both relief of symptoms of acute mountain
sickness and a return of some of their climbing
performance lost on arrival at altitude. For physi-
ologists, altitude acclimatization is, strictly, the
sum of all the beneficial changes in response to
altitude hypoxia, but it is often defined by the
increase in ventilation and the consequent reduc-
tion in PCO2 (and increase in PO2).

4.1.3 Rate of acclimatization

The changes involved in acclimatization occur in
various systems and with varying time courses.
These are illustrated in Fig. 4.2, which shows the
futility of the frequently asked question, ‘How long
does it take to become acclimatized?’ However, the
most important changes are in the cardio-respiratory
system and the blood with time courses of days or
a few weeks.

Early changes in acclimatization were recently
studied in six lowlanders (Lundby et al. 2004a).
Subjects were studied at sea level (normoxic and
acute hypoxia) and after 2 and 8 weeks acclimatiza-
tion at 4100 m in Bolivia. Local high altitude (HA)
residents were also studied at altitude. Some results
from this study are shown in Fig. 4.3 for rest (a) and
maximum exercise (b). It can be seen that the hema-
tocrit rises during the first 2 weeks to close to the HA
residents’ value and is no higher at 8 weeks (see
below). The Pa,O2 continues to rise for 8 weeks and is
still below that of the HA residents. Changes in
Pa,CO2 appear to be complete at 2 weeks while the
alveolar to arterial PO2 difference ((A–a) PO2) rises
with acute hypoxia, is greater at 2 weeks and falls
slightly at 8 weeks. The HA residents have very low
values for this parameter. The situation at maximum
work rate is similar except that the Pa,CO2 continues
to fall due to increased exercise ventilation.
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Figure 4.1 The effect of sudden exposure to various
altitudes. At extreme altitude consciousness will be lost
after an average time indicated by the curve on the
right. There is considerable variability in this time. (Data
from Sharp 1978.)



The improvement in Pa,O2 is impressive and no
doubt contributes to the improved performance so
frequently noted by mountaineers during the course
of an expedition.

In some cases the changes of acclimatization
involve a biphasic response; for instance, the heart
rate response to hypoxia shows a rise within a few
minutes, followed by a fall over weeks at altitude
(Chapter 7). The change measured can include two
responses with different time courses. For instance
minute ventilation involves the rapid hypoxic 
ventilatory response within a few minutes, followed
by slow changes in both central and peripheral
chemoreceptor response over 1–20 days (Chapter
5). Similarly, the well-known increase in hemoglo-
bin concentration is due to a rapid decrease in
plasma volume, followed by a slow increase in red
cell mass (Chapter 8).

4.1.4 Hypoxia: is there a difference
between hypobaric and normobaric
hypoxia?

Since the studies of Paul Bert (1878) it has been
accepted that the effects of hypoxia are due to the
reduced partial pressure of oxygen (PO2) and are
the same however this reduction is achieved.
Hypoxia can be produced either by lowering the
barometric pressure, hypobaric hypoxia, as hap-
pens when we ascend to high altitude, or by reduc-
ing the percentage of oxygen (O2%) in the inhaled
gas mixture, normobaric hypoxia. Apart from the
effects of hypoxia, hypobaria has some physiologi-
cal effects, especially if imposed suddenly upon the
subject. These relate to possible bubble formation
in the blood and tissues as in decompression sick-
ness experienced by divers coming to the surface
too fast and also in aircrew subject to explosive
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Figure 4.2 Time courses of a number of
acclimatization and adaptive changes plotted on a log
time scale, the curve of each response denoting the rate
of change, which is fast at first then tails off. Included
are: heart rate, hyperventilation and hypoventilation,
the carbon dioxide ventilatory response (HCVR),
hemoglobin concentration ([Hb]), changes in capillary
density (Cap. Dens.), hypoxic ventilatory response (HVR)
and pulmonary hypoxic pressor response (PHPR).
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decompression at great altitudes. However, in the
case of travelers taking some hours or moun-
taineers taking days to reach altitude this is not a
problem though it cannot be ruled out in chamber
studies where rates of ascent may be fast enough to
cause micro-bubble formation.

A number of studies have addressed this question
and have reported some differences in the effect of
these two types of hypoxia. Roach et al. (1996) stud-
ied nine subjects exposed to 9 h of either normobaric
or hypobaric hypoxia equivalent to 4564 m, or to
normoxic hypobaria (increased O2% at lowered
pressure). They found that acute mountain sickness
symptom (AMS) scores were significantly higher in
hypobaric hypoxia than in normobaric hypoxia.
Normoxic hypobaria resulted in virtually no symp-
toms. In a recent study (Loeppky et al. 2005b) the
same authors extended these results, confirming the
effect on AMS scores and finding differences in fluid
balance and in some endocrine responses. They
found no differences in Sa,O2. Savourey et al. (2003)
looked for differences in cardio-respiratory variables
between the two forms of hypoxia (altitude equiva-
lent 4500 m) given for 40 min in 18 subjects. They
found that hypobaric hypoxia resulted in lower ven-
tilation, lower Pa,O2, Sa,O2, Pa,CO2, and higher pH,
suggesting, if true, that there is a problem in gas
exchange under hypobaric hypoxia not present in
normobaric hypoxia. The significance of these stud-
ies remains to be established.

4.2 ACCLIMATIZATION AND ADAPTATION

4.2.1 Acclimatization

The term ‘altitude acclimatization’ refers to the
process whereby lowland humans and animals
respond to the reduced partial pressure of oxygen
(PO2) in the inspired air. It refers only to the changes
in response to hypoxia seen as beneficial as opposed
to changes which result in illness such as acute
mountain sickness. Acclimatization is then a series
of physiological processes. Other changes, resulting
in illness, are pathological.

The processes of acclimatization all tend to
reduce the fall in PO2 as oxygen is transported
through the body from the outside air to the tis-
sues. However, even in the best acclimatized indi-
vidual the tissue PO2 is not restored to the sea level

value and performance remains impaired. This is
illustrated in Fig. 4.4 which shows the inspired PO2

and arterial PO2 (Pa,O2) of a subject exposed to acute
hypoxia and after acclimatization. Also shown are
the normal Pa,O2 at sea level and the Pa,O2 at which
continuous O2 therapy is advised for patients with
chronic obstructive lung disease. It can be seen that
even acclimatized subjects are below this level at
altitudes above 4000 m.

4.2.2 Adaptation

People born and bred at altitude have certain char-
acteristics which distinguish them from even well-
acclimatized lowlanders. There is debate about
whether these are due to environmental, operating
during early growth, or genetic causes. The term
adaptation is used for characteristics thought to be
due to natural selection, working on the gene pool.
Adaptation, in this sense, has certainly taken place
in animals such as the yak and llama. In the case of
the yak one example is the loss of the hypoxic pul-
monary pressor response which seems to be due to
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a single dominant gene (Harris, 1986). There is
some evidence of a similar adaptation in Tibetans
resident at high altitude for generations. This is, at
present, only suggestive though recent studies tend
to support this notion (see Chapter 17).

4.3 THE OXYGEN TRANSPORT SYSTEM

4.3.1 Introduction

Figure 4.5 shows the oxygen transport system at sea
level and at high altitude. This diagram can be used
as a ‘table of contents’ of changes due to acclimati-
zation, which will be followed in succeeding chap-
ters. PO2 falls at each stage as oxygen is transported
from outside air, ambient PO2 to inspired, to alveo-
lar, to arterial, to mixed venous which approximates
to the mean tissue PO2. This forms a staircase or
cascade of PO2. The process of acclimatization can

be thought of as reducing each step in this cascade
as far as possible.

4.3.2 Ambient to inspired PO2 (PI,O2)

The ambient PO2 of dry air at sea level is about
160 mmHg (20.9% of 760 mmHg the barometric
pressure). At an altitude of 5800 m in the example
shown in Fig. 4.5, the barometric pressure is just half
that at sea level (Chapter 2) so the ambient PO2 is
also half the sea level value, 80 mmHg. The drop
seen in the figure from ambient to inspired PO2 of
about 10 mmHg is due to the addition of water
vapour to the inspired air as it is wetted and warmed
to body temperature in the nose, mouth, larynx and
trachea. The water vapor pressure at body tempera-
ture is 47 mmHg, and this displaces almost
10 mmHg PO2. This physical cause of PO2 reduction
is beyond the control of the body and so applies
equally at altitude, though its effect is proportion-
ately more important there.

4.3.3 Inspired to alveolar PO2 (PA,O2)

At sea level there is a drop of about 50 mmHg at this
point in the oxygen transport system. This drop can
be thought of as being due to the addition of carbon
dioxide and the uptake of oxygen and so depends, in
part, on the metabolic rate. However, it also depends
on alveolar ventilation and for a given O2 uptake and
CO2 output the size of this reduction is entirely due
to ventilation. A doubling of ventilation results in a
halving of this drop. If ventilation were infinite there
would be no reduction and alveolar gas would be
fresh air. After acclimatization at 5800 m resting alve-
olar ventilation is approximately doubled and this
step in the system, as shown in Fig. 4.5, is halved.

This increase in ventilation is one of the most
important aspects of acclimatization and the
mechanisms underlying it, the changes in control
of breathing, are dealt with in Chapter 5.

Figure 4.5 shows also the effect of exercise on the
oxygen transport system (the dashed lines). At sea
level the PA,O2 is little changed by exercise but at
altitude the increase of ventilation is far greater in
response to exercise than at sea level, so that with
exercise the PA,O2 is increased and PA,CO2 decreased
(Chapter 11).
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Figure 4.5 The oxygen transport system from outside
air through the body at sea level and at an altitude of
5800 m. PB, barometric pressure; ∆ rest; � maximum
exercise. Ref Pugh 1964a (Pugh, L.C.G.E. Man at high
altitude, Scientific Basis of Medicine, Annual Review, pp.
32–54, 1964)



4.3.4 Alveolar to arterial PO2 (Pa,O2)

Oxygen passes across the alveolar–capillary mem-
brane by diffusion resulting in a small pressure drop
but in the normal lung this accounts for less than
1 mmHg. The total alveolar–arterial (A–a)PO2 gra-
dient at sea level is about 6–10 mmHg. The major
part of this gradient is due to ventilation/perfusion
ratio (V/Q) inequalities. Even in the healthy lung
the matching of ventilation to blood flow is not per-
fect. In lung disease such as emphysema or pul-
monary embolism this mismatching results in
much greater (A–a)PO2 gradients and in significant
hypoxemia. For a full discussion of this important
topic see West (1986c).

At altitude, at rest there is little change in the
(A–a)PO2 gradient from its value at sea level. The
V/Q ratio inequality is modestly reduced, because of
the increase in pulmonary artery pressure due to
hypoxia (Chapter 7), reducing the gravitational
effect on the distribution of blood flow in the lung.
However, this is not enough to cause any measurable
increase in the diffusing capacity of the lung during
acclimatization (West 1962a).

On exercise at high altitude, however, the
(A–a)PO2 gradient increases significantly and
becomes important in limiting exercise perform-
ance. This is shown as the dashed line in Fig. 4.5. This
diffusion limitation, shown by West et al. (1962), is
explored more fully in Chapters 6, 11 and 12.

4.3.5 Arterial to mixed venous PO2 (PvO2)

The last drop in PO2 shown in Fig. 4.3 from arterial
to mixed venous is due to the uptake of oxygen in the
systemic capillaries. Its magnitude is influenced by
the metabolic rate, the cardiac output and the 
oxygen-carrying capacity of the blood, i.e. the hemo-
globin concentration ([Hb]). Probably the best
known aspect of acclimatization is the increase in
[Hb].

A modest increase in [Hb] is probably beneficial
in that it increases the oxygen-carrying capacity of
the blood and at altitudes up to about 4000 m this is
sufficient to balance the reduction in oxygen satura-
tion due to reduced Pa,O2 and restore the oxygen
content of arterial blood to sea level values (though
now at a lower PO2). However, the increase in viscos-
ity of the blood is the price paid and this increases

vascular resistance and contributes to raised pul-
monary arterial pressure. This certainly happens in
patients with chronic mountain sickness where
hematocrits of over 80% are seen. If the rise in vas-
cular resistance is too great, the cardiac output falls
and so oxygen delivery is reduced. It has been shown
that reducing the hematocrit in these patients never
reduces exercise performance and usually increases
it (Winslow and Monge 1987a). There is also the
increased risk of vascular disorders. A recent report
on the effect of hemodilution in lowlanders at
5260 m also showed that lowering the [Hb] by 24%
had no effect on VO2,max (Calbet et al. 2002). With
moderate, physiological, increases in [Hb] there
seems to be a close reciprocal relationship between
[Hb] and blood flow so that oxygen delivery to par-
ticular organs, e.g. working muscles or brain,
remains constant over a range of [Hb] and VO2. The
question of optimum hemoglobin value is further
considered in section 8.5.4.

The in vitro oxygen dissociation curve is shifted
slightly to the right at moderate altitudes due to an
increase in 2,3-diphosphoglycerate (DPG). However,
the position of the in vivo curve is uncertain because
of uncertainties about the in vivo pH (Winslow and
Monge 1987b). There is probably some degree of
respiratory alkalosis which offsets the effect of the
2,3-DPG. At extreme altitude, above about 7000 m
there is quite severe respiratory alkalosis and there-
fore a definite leftward shift in the dissociation curve
which is beneficial to the climber at least as far as
oxygen delivery to working muscles is concerned.
This is because more oxygen is loaded into the
blood in the lungs while the unloading of oxygen in
the muscles is only slightly reduced, because the dif-
ference in position of the curves for normal and
higher pH, at very low PO2, is so small (see Chapter
9, Fig. 9.1).

Cardiac output increases with acute hypoxia but
decreases as [Hb] increases with continued stay at
altitude over the first 1 to 2 weeks. These changes as
well as other effects on the vascular system are dis-
cussed in Chapter 7. At the tissue level there is an
increase in the density of capillaries due to a reduc-
tion in diameter of muscle fibers (Chapter 10).

Taking the body as a whole the mixed venous PO2

can be thought of as reflecting the mean tissue PO2. It
will be seen in Fig. 4.5 that the effect of these
processes of acclimatization is to maintain this criti-
cal PO2 as near as possible to the sea level value.
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Beyond this there is the possibility of adaptation at
the tissue level involving the microcirculation and
then intracellular mechanisms. These form the sub-
ject of Chapter 10.

4.4 PRACTICAL CONSIDERATIONS AND
ADVICE

A very real problem in the study of acclimatization
is that there is no single measure of the process.
Respiratory acclimatization is very important and
can be followed by measuring minute ventilation or
the alveolar or end-tidal PCO2. The ventilation rises
with acclimatization and the PCO2 falls exponen-
tially over the first few days at altitude. However,
climbers find that their performance continues to
improve over a longer period; presumably changes
in other systems underlie this further acclimatiza-
tion. This problem of how to measure the degree of
acclimatization coupled with the very great individ-
ual variation in the rate and final degree of acclima-
tization means that we still do not have answers to
apparently simple questions such as, ‘Does exercise
speed acclimatization?’ There is also the problem
that the time of early and rapid acclimatization is
also the risk time for AMS. It is hard and perhaps
futile to try and separate the effect of any given strat-
egy on preventing AMS and on speeding acclimati-
zation since the two are inextricably commingled.
Thus the advice given here is as much about pre-
venting AMS as with acclimatization itself. Also, in
the absence of hard data, anecdotal evidence has to
be relied on.

4.4.1 Rate of ascent

A rate of ascent which is slow enough to avoid AMS
should be chosen. This will inevitably be dictated, in
part, by the terrain, availability of camp sites etc. A
rule of thumb often given is that above 3000 m each
night’s camp should be about 300 m above the pre-
vious one and that every 2–3 days a rest day be
added when the party remains based at the same site
for two nights. This is an unnecessarily slow ascent
rate for many individuals but will prove too fast for
a substantial minority (see Chapter 18 for more dis-
cussion and references). Where a greater height gain
has to be made, then a rest day should be taken.

During the ‘rest’ day trips to higher altitude and
back are considered beneficial by experienced
climbers, probably because the greater altitude and
exercise stimulates acclimatization. However, it
should be noted that there is some evidence that
exercise is a risk factor for AMS (Roach et al. 1999).

4.4.2 Individual variability and
acclimatization

As mentioned, there is great individual variation in
the rate and degree of acclimatisation. Some may
acclimatize rapidly to moderate altitude but then
find that they simply cannot tolerate an altitude
above say 7000 m. Others may take time to acclima-
tize but then go well to extreme altitude. Usually, as
with susceptibility to AMS, past experience is a
good guide to future performance but apart from
this there are no reliable predictors for good
acclimatization.

4.4.3 Age, gender and experience

There is not much data to answer the oft-asked
question about the effects of age or gender on
acclimatization. If anything, older people are less
susceptible to AMS than the young and seem to
acclimatize just as well as do the young. There does
not seem to be any important difference between
men and women in this respect. There is a strong
impression that experienced mountaineers accli-
matize better than novices. (See Chapters 25 and
26 for further discussion of acclimatization in
women, children and the elderly.)

4.4.4 Pre-acclimatization by continuous
or intermittent hypoxia

There is increasing interest in methods by which
people can achieve some degree of acclimatization
before going to the mountains. There is no doubt
that living in a chamber for a number of days at sim-
ulated altitude will achieve acclimatization. There is
an impression that the degree of acclimatization is
not as great as that achieved in the mountains, per-
haps because of the lack of exercise. West (1998)
argues the case for this being true for the long-term
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studies of Operation Everest I and II. However,
incarceration in a chamber for days or weeks is not
practicable or acceptable for most climbers.

Intermittent hypoxia (IH) has been used to see if
this stimulus could result in some degree of acclima-
tization. IH can be achieved by spending a few hours
a day in a chamber, sometimes with exercise, i.e.
training under hypoxia. Alternatively, sleeping in a
hypoxic environment, e.g. at altitude but coming
down to train at low altitude, that is, ‘living high,
training low’, a pattern popularized by Levine and
Stray-Gunderson (1997). Their proposals were to
improve performance of athletes for sea level races
but the effect of such a pattern of hypoxic exposure
can also give some of the changes of acclimatization
(see below). Instead of actually commuting up and
down athletes and researchers can achieve the same
effect by breathing a low oxygen percentage in a nor-
mobaric chamber, or by using a machine to provide
low oxygen percentage in the inspired gas via a mask.
The machine can be programmed to give any pattern
of bursts of hypoxia or normoxia. End points of
these studies are usually changes in cardio-respiratory
or blood measurements or athletic performance.
Whether these indirect measures of acclimatization
translate into improvement in performance at alti-
tude is not clear. Savourey et al. (1998) studied the
effect of 8 h daily for 5 days at 4500 m equivalent alti-
tude on various hormones and biochemical mea-
sures but found very little effect with this dose of
pre-acclimatization. Garcia et al. (2000) had their
subjects breathe 13% oxygen (equivalent to 3800 m)
for 2 h daily for 12 days. They found the hypoxic ven-
tilatory response (HVR) increased significantly
reaching a peak at 5 days but there was no change in
ventilation, PCO2 or Sa,O2. Katayama et al. (2001)
using only 1 h day�1 of simulated altitude equivalent
to 4500 m a day, for 7 days in six subjects, also found
an increase in HVR, resting ventilation and Sa,O2

but no effect on the ventilatory response to CO2

(HCVR). They found that on exercise, the ventila-
tory equivalent (VE/VO2) was increased after this
intermittent hypoxia as was the exercise Sa,O2 as a
result of the increase in ventilation due to increased
HVR. Townsend et al. (2002) studied three groups of
trained endurance athletes under three conditions:

1. Simulated ‘living high, training low’ (LHTL),
i.e. sleeping in a normobaric chamber in low
O2% equivalent to 2650 m.

2. A group that had four blocks of five nights of
hypoxia interspersed with two nights at
normoxia.

3. A control group sleeping at normal PO2.

The study lasted 20 days. Results showed that HVR
was increased by LHTL, more so in the continuous
than in the group with two nights of normoxia.
Resting ventilation, tested in normoxia, was not
significantly changed by the exposure, but end-
tidal PCO2 (PETCO2) was decreased in both hypoxic
groups, though only by about 2.5 Torr.

The effect of IH on the erythropoietic system
has been studied by a number of workers. Garcia 
et al. (2000) found a reticulocytosis but no change in
[Hb] or hematocrit. Schmidt (2002) reviewed this
topic and concluded that the effect of IH depended
upon the intensity and duration of the hypoxia, both
with respect to the length of each burst and the
total duration of exposure. Short hypoxic episodes
like sleep apnea seem to result in only small increases
in Hb concentration due mainly to reduction in
plasma volume. There seems to be a critical thresh-
old of about 90 min cumulative hypoxia. Athletes,
using longer periods of hypoxia, such as sleeping in
hypoxia, show increases in plasma erythropoietin
(EPO) concentration, transferin receptor and
reticulocyte count, e.g. Koistinen et al. (2000), but
an increase in red cell mass has not been found.

It seems that intermittent hypoxia does effect
some of the changes seen in acclimatization,
depending upon the ‘dose’ of hypoxia, but not all.
However, an extra few days at altitude would prob-
ably be as good and much more pleasant.

4.4.5 Carry-over acclimatization

If pre-acclimatization is attempted, how quickly
should a climber get out to the mountains? In other
words, how long does acclimatization last? There is
little hard data to guide us, though one study by
Lyons et al. (1995) showed that a group of subjects
who had been at 4300 m for 3 weeks retained some
beneficial effect after 8 days at low altitude com-
pared with a group who had had no altitude expo-
sure. A later study by the same group (Beidleman 
et al. 1997) with a similar protocol put some quan-
tification on this carry-over effect. After 8 days at
sea level they calculated that, on average, 92% of
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the effect on Sa,O2 was retained, 74% of plasma vol-
ume and 58% of the lactic acid concentration at
75% VO2,max exercise. For intermittent hypoxia in
the study of Townsend et al. (2002) quoted above,
the HVR increased by 50% over pre-hypoxia values
and declined 30% by 2 days after cessation of IH.
However, Katayama et al. (2001) found most of the
effect of IH on HVR, the ventilatory equivalent, and
Sa,O2 to be still present 1 week after stopping IH.

These studies support anecdotal experience. The
effect of acclimatization probably falls off exponen-
tially with time over perhaps 2 or 3 weeks, though
some feel there is some residual benefit even after
months at sea level. It is likely that the time course
of the ‘off ’ transients are different for different sys-
tems involved in the acclimatization process.

4.5 ALTITUDE DETERIORATION

4.5.1 Introduction

The term ‘high altitude deterioration’ was first
used by members of early Everest expeditions to
denote deterioration in mental and physical condi-
tion as a result of prolonged stay at altitude.
De Filippi (1912) noted the condition during an
expedition to the Karakoram. He writes:

The atmosphere of the expedition did work
some evil effect revealing itself only gradu-
ally after several weeks of life above 17500
feet in a slow decrease of appetite and conse-
quent lack of nourishment without, however,
any disturbance of digestive function.

In this way he distinguished the condition from
acute mountain sickness, though the mechanisms,
at least of anorexia, may be common to both con-
ditions.

It is well known amongst climbers that staying at
extreme altitudes for long is deleterious. Altitudes
above 8000 m have been called ‘The Death Zone’
and summit bids on peaks over this height are
wisely planned so as to spend as short a time as pos-
sible in this zone. Deterioration can frequently be
attributed to factors such as dehydration, starva-
tion, physical exhaustion and cold. However, in the
absence of such factors it seems that hypoxia per se
can cause deterioration if sufficiently severe (Pugh

1962a). Many of the symptoms and signs are seen in
prolonged chamber experiments such as Operation
Everest II (Houston et al. 1987, Rose et al. 1988).
The altitude at which this becomes manifest is about
5000–6000 m, with considerable individual varia-
tion. Highlanders can probably tolerate prolonged
periods at a higher altitude better than can most
lowlanders (West 1986a). The highest elevation for
permanent habitation seems to be about 5334 m
(caretakers at a mine in Chile) though economic
considerations may mean that there is no reason to
live higher than this. For lowlanders, there is proba-
bly a maximum altitude for prolonged residence at
about this altitude. The experience of spending the
winter at 5800 m (the Silver Hut 1960) suggested
this was above the critical altitude. Above this alti-
tude deterioration limits the time that can be spent.
The higher the altitude, the more rapid is the deteri-
oration. Table 4.1 shows times for sojourns at vari-
ous altitudes.

4.5.2 Symptoms and signs

High altitude deterioration (in the absence of dehy-
dration, starvation etc.) is characterized by weight
loss, poor appetite, slow recovery from fatigue,
lethargy, irritability and an increasing lack of will-
power to start new tasks (Ward 1954). There is slow-
ing of mental processes, dulling of affect and
impaired cognitive function. There may be low sys-
temic blood pressure.
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Table 4.1 Maximum period spent at varying altitudes
without supplementary oxygen (lowlanders)

Height (m) Period (days) Expedition

5791 90–100 Silver Hut, 1960–61
6760–7315 11 Everest 1953
7010 11 Everest 1924
7467 8 Makalu 1961
7850 5 Everest 1953
7925 4 Everest 1953
8380 3 Everest 1953
8450 1 Everest 1953
8848 1 (night) Everest 1953

Modified from Ward 1975.



ANOREXIA AND WEIGHT LOSS

Loss of appetite soon after arrival at altitude is part of
the symptomatology of acute mountain sickness but
after acclimatization, appetite is regained at altitudes
below about 5500 m. Above this altitude there is usu-
ally further loss of appetite which tends to increase
the longer is the time spent at these extreme alti-
tudes. The anorexia tends to be worse in the morn-
ings and for certain types of food, with considerable
individual variation. This anorexia results in reduced
calorie intake, a negative calorie balance and weight
loss. There may also be a degree of malabsorption.
Weight loss is the most well attested, objective sign of
deterioration. The mechanisms underlying this
weight loss are considered further in Chapter 14.

FATIGUE AND SLOW RECOVERY FROM
EXERTION

Other symptoms of deterioration, fatigue and slow
recovery from exertion, are more subjective and dif-
ficult to measure. In the 1970s we made an attempt
to find a biochemical basis for the reported symp-
toms of slow recovery from exhausting exercise at
altitude. We followed the resynthesis of muscle
glycogen after depletion by exercise at sea level
under normoxia (air breathing) and hypoxia
(breathing 12% O2). We found that, although the
rate of resynthesis was not significantly slowed by
hypoxia in the muscle overall, there was an enhance-
ment of the difference between the type I and type II
fibers. This suggested that hypoxia depresses glyco-
gen synthesis in type I though not type II fibers
(Milledge et al. 1977). This might contribute to the
slowness of recovery from severe exercise at high
altitude. However, fatigue and lassitude are felt even
in the absence of exercise, so there is probably a cen-
tral effect as well.

SLOWING OF MENTAL PROCESS, DULLING OF
EFFECT AND IMPAIRED COGNITIVE
FUNCTION

There have been numerous studies of cognitive
function at altitude though not many at extreme
altitude. They have mostly shown some impair-
ment of some tests involving memory (reviewed by
Raichle and Hornbein 2001 and in Chapter 16),

and also speech deterioration with increasing alti-
tude (Leiberman et al. 1995). An effect of severe
hypoxia, often not appreciated by the subject, is to
cause a slowing of mental and physical function.
For instance, well-learned acts such as strapping on
crampons take much longer at extreme altitude.
Similarly, mental tasks such as calculating the
remaining supply time of an oxygen cylinder,
though still possible, take longer than at low alti-
tude. A recurring theme in accounts of life at extreme
altitude is the lethargy, which gets worse with time.
There is a great disinclination to get started on a
task. The climber, normally a very active person,
just wishes to lie dozing in a tent. The emotions,
too, seem to be dulled and the capacity to initiate a
new plan in the face of the unexpected is reduced.
Ward reported after the 1953 Everest Expedition
that at Camp 7 on the Lhotsi face, the sight of the
exhausted Tom Bourdilon provoked nothing more
than the comment, ‘Poor old Tom, he’s had it!’
Ward himself had no doubt that at lower altitude,
attempts would have been made to help the
exhausted climber (Pugh and Ward 1956). Insight
and judgement are impaired and no doubt con-
tribute to fatalities at extreme altitude.

SLEEP

Sleep is disrupted at altitude by more frequent
arousals than at sea level and the architecture of
sleep is changed with less time spent in REM sleep
(Weil and White 2001). Periodic breathing may
contribute to this and becomes more frequent the
higher the altitude. Climbers are conscious that
they have not slept well and feel unrefreshed in the
morning. This sleep deprivation may contribute to
the psychological element of deterioration. A more
detailed description of sleep at altitude is given in
Chapter 13.

LOW SYSTEMIC BLOOD PRESSURE

The blood pressure (BP) response to altitude is
either no change or a slight rise initially, falling back
to sea level values with acclimatization. However,
there have been a few reports that at, or returning
from, extreme altitude, the BP was low. Pugh and
Ward (1956) reported from the 1953 Everest
Expedition on a number of climbers returning to
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their camp from higher on the mountain. One had
a BP of 86/66, a second 80/60 and a third 115/90. In
Operation Everest II, Reeves noted in his diary
about one subject at the simulated altitude of the
summit,

Roger Gough’s study today underscored an
observation that we have noted repeatedly at
these very hypoxic levels. Namely, that when
the subjects were not exercising, their arterial
blood pressure falls (there was an arterial line

in place). In Roger’s case, systolic pressure
would fall to 80 or less. (Quoted by Houston
et al. 1991)

The mechanism is unknown. Pugh (personal com-
munication) suggested it might be due to adrenal
insufficiency but there is no evidence for this. These
observations are only anecdotes and we clearly
need more research. If extreme altitude does cause
hypotension this could also contribute to the
fatigue characteristic of altitude deterioration.
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SUMMARY

Of all the changes that take place in the physiology
of a person acclimatizing to altitude, those resulting
in an increase in ventilation are probably the most
important. There are changes in both the hypoxic
ventilatory response (HVR) and the hypercapnic
ventilatory responses (HCVRs). The changes in
HVR are more difficult to measure but it is now
accepted that HVR increases with time at altitude
over a period of days to a few weeks. The changes in
HCVR were characterized over 40 years ago and
include a shift to the left and a steepening of the
carbon dioxide response line. That is, a person
when acclimatized responds to a lower PCO2 and
is more sensitive to carbon dioxide than when
unacclimatized. The time course of the changes in
HCVR is exponential, with almost half taking place
in the first 24 h and most of the change being com-
plete in about 2 weeks. These changes in the chemi-
cal control of breathing underlie the well-known

increase in ventilation and result in a lower PCO2

and higher PO2 characteristic of acclimatization.
The mechanism underlying the increased carbon
dioxide sensitivity may be due to the documented
reduction in bicarbonate concentration in cere-
brospinal fluid (CSF), blood and, presumably, brain
extracellular fluid (ECF) but may be due to other
mechanisms which make the ventilatory drive
appear as if the set point for CO2 has been reset to a
lower value. The mechanisms of the increase in
HVR are debatable but probably include changes in
both the peripheral chemoreceptors and central
processing of the signal in the brain.

HVR does not predict susceptibility to acute
mountain sickness (AMS), though subjects suscep-
tible to high altitude pulmonary edema (HAPE) do
have low HVRs. High altitude residents have similar
HCVR but generally have blunted HVR compared
to acclimatized lowlanders. Some studies have found
a correlation between HVR and performance at
extreme altitude but some elite climbers have HVR



in the normal range, and high altitude residents
(Sherpas and Andean peoples) who tend to have low
HVR perform very well at extreme altitude.

5.1 INTRODUCTION

The increase in ventilation that takes place in the
first few days at altitude is one of the most impor-
tant aspects of the acclimatization process. It results
in higher alveolar and arterial PO2 and lower PCO2

levels than would have obtained if the ventilation
were unchanged. The cause of this increased ventila-
tion is a change in the chemical control of breathing.
Interest in the mechanisms underlying these changes
goes back to the early years of the twentieth century.
Haldane, who had shown that the level of carbon
dioxide in the body was stable at sea level, soon real-
ized that altitude resulted in depression of PCO2 due
to increased ventilation. Whilst Haldane and com-
panions were on the Pikes Peak Expedition of 1911,
he suggested that his colleague Mabel FitzGerald
measure the alveolar PCO2 in residents at mining
camps at various altitudes in Colorado. She found
that the PCO2 fell linearly with altitude (FitzGerald
1913). Since then physiologists have continued to
investigate these mechanisms and their work is
reviewed in this chapter.

There are two sensing systems for the chemical
control of breathing: the peripheral chemoreceptors
(the carotid and aortic bodies), and central chemore-
ceptors situated in the medulla. There are three
chemical drives to ventilation: hypoxia, pH and
carbon dioxide. The peripheral chemoreceptors
principally sense hypoxia, though they also respond
to carbon dioxide and pH, whereas the central
chemoreceptors respond principally to changes in
PCO2 sensed by the change in pH induced.

5.2 HYPOXIC VENTILATORY
RESPONSE (HVR)

5.2.1 Introduction

The HVR is the increase in ventilation brought
about by acute hypoxia. This is not a simple linear
response and is complicated by the effect of venti-
lation on PCO2. As ventilation rises in response to
hypoxia, PCO2 falls and pH rises. Thus the carbon

dioxide drive to breathing is reduced and the hypoxic
response is masked unless measures are taken to
prevent this fall in PCO2.

If the inspired PO2 is reduced acutely, i.e. over a
period of a few minutes, either by breathing a low
oxygen mixture or by decompression in a hypo-
baric chamber, the minute ventilation is increased.
However, this increase in ventilation varies greatly
from individual to individual and does not usually
begin until the inspired PO2 is reduced to approxi-
mately 100 mmHg (equivalent to about 3000 m
altitude) (Rahn and Otis 1949). This corresponds
to an alveolar PO2 of about 50 mmHg. Thereafter, as
inspired PO2 is further reduced ventilation increases
more rapidly.

The relationship of ventilation to PO2 is hyper-
bolic, as shown in Fig. 5.1. However, if arterial satu-
ration is measured by an oximeter the relationship
between it and ventilation is found to be approxi-
mately linear (Fig. 5.1). The Pa,O2 at which ventila-
tion starts to increase corresponds to the PO2 at which
the oxygen dissociation curve begins to steepen,
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Figure 5.1 Hypoxic ventilatory response (HVR) to
decreasing PA,O2 and to decreasing arterial oxygen
saturation (Sa,O2).



thus HVR protects arterial oxygen content increas-
ing ventilation as saturation begins to fall.

The actual effect of acute hypoxia on ventilation
will depend upon whether PCO2 is allowed to fall or
not. Unless the experimental arrangement allows
control of PA,CO2, a rise in ventilation will result in
a fall of PCO2. This is the normal situation as a per-
son ascends to altitude and HVR measured in this
way is termed poikilocapnic. As PCO2 is reduced
some drive to breathing will be lost so that the full
hypoxic response is not seen. In order to see the
full HVR, PCO2 is usually held constant and the
response measured is termed the isocapnic HVR.

5.2.2 Time course of ventilatory
response to hypoxia: minutes to days

There are three phases to this response, as shown in
Fig. 5.2, where PCO2 is used as a (reciprocal) mea-
sure of ventilation:

● In the first few seconds to about 10 min there is
an increase in ventilation (and fall in PCO2) if
the hypoxia is sufficiently severe.

● From about 20 to 30 min there is a reduction 
of ventilation back towards the control value 
(a rise in PCO2). This is called the hypoxic
ventilatory decline (HVD) or ‘roll off ’. For 
a fuller discussion of this phenomenon see
Smith et al. (2001). Bascom et al. (1990)
showed that HVR declined during this period
reaching a nadir at about 5 min. Recently,
Vovk et al. (2004) have shown that HVR
recovers after this 5 min decline, over the next
36 min to pre-hypoxia control values. However,
Garcia et al. 2000 found this decrease in
ventilation in the absence of a change in 
HVR. They found that the slope of the
ventilation/Sa,O2 line was unchanged but its
intercept decreased. Clearly the mechanism 
of HVD is unclear.

● There is further increase in ventilation
(reduction in PCO2) from about 30 min to 
some days and continuing at a decreasing 
rate up to about 2 weeks at a given altitude.
This is termed respiratory acclimatization 
and is due to an increase in HVR and the
HCVR as discussed in further sections of this
chapter.

5.3 CAROTID BODY

Before considering HVR further, the transduction
of the hypoxic response will be briefly considered.
A transducer effects the conversion of one mode of
signal to another, in this case from Pa,O2 to a neural
signal by the carotid body.

5.3.1 Historical

The stimulating effect of oxygen lack on respiration
had been known for many years before it became
apparent in the early years of the twentieth century
that, under normal sea level conditions, carbon diox-
ide was the main chemical stimulus to ventilation.

In the late 1920s, the father and son team of
Heymans and Heymans in Belgium, using complex
cross-circulation experiments in dogs, localized the
main sensing organ for hypoxia to the carotid body
(Heymans and Heymans 1927). Not long after-
wards Comroe (1938) showed that the aortic bod-
ies have a similar function. These bodies are known
collectively as the peripheral chemoreceptors.
However, in most animals, including humans, the
main organ for transduction of the hypoxic signal
is the carotid body and if this is removed or dener-
vated, acute hypoxia actually results in depression
of ventilation.
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Figure 5.2 Idealized time course of ventilatory
acclimatization, using PCO2 as an index of ventilation.
(From Smith et al. 2001, with permission.)



5.3.2 Anatomy and physiology of the
carotid body

The human carotid body weighs about 10 mg and
is situated just above the bifurcation of the com-
mon carotid artery. It has an extremely rich blood
flow for its mass and oxygen consumption, and
thus it extracts only a very small percentage of the
oxygen in the blood presented to it. This explains
how it is able to respond to arterial PO2 (or satura-
tion) and not to oxygen content. Thus it responds
to hypoxemia but not anemia or reduced flow. This
is appropriate since an increase in ventilation would
not help the organism overcome the tissue hypoxia
caused by anemia or low cardiac output, but does
help in a hypoxic environment.

MECHANISM OF RESPONSE TO ACUTE
HYPOXIA

An enormous amount of research has been carried
out on the carotid body, and it is now generally
accepted that the glomus cells (type I), the character-
istic cells of the carotid body, are the site of chemo-
reception and that modulation of neurotransmitter
release from the glomus cells by physiological and
chemical stimuli affects the discharge rate of the
carotid body afferent fibers. Undoubtedly, the signal
is modified, enhanced or suppressed by parts of the
system not involved with the primary sensing
process. The information on the arterial PO2 is sent
via the carotid sinus nerve to the respiratory centers
in the brain which then affect their output and thus
breathing rate, minute ventilation.

There have been, recently, a number of good
reviews of the mechanisms by which hypoxemia 
is sensed by the carotid body and transmitted as
increased neural discharge (Lahiri and Cherniack
2001, Prabhakar and Peng 2004, Prabhakar and
Jacono 2005, Wilson et al. 2005). Hypoxia may slow
down mitochondrial electron transport owing to the
presence of a reduced affinity cytochrome in the
oxygen transport chain. This could stimulate neuro-
transmitter release from glomus cells by progressive
breakdown of the mitochondrial electrochemical
gradient and release of mitochondrial calcium into
the cytoplasm. The elevated intracellular calcium
would then cause release of the neurotransmitter.
Metabolic blockers which interfere with electron
transport and oxidative phosphorylation would

have a similar effect (Mulligan et al. 1981, Biscoe
and Duchen 1990).

Two hypotheses have been proposed:

● Glomus cells have potassium channels in their
cell membranes that are modulated by the
partial pressure of oxygen. The probability that
the channel is open decreases with hypoxia and
acidosis and the result is a reduction in overall
potassium conductance which causes
membrane depolarization. This could explain
chemo-transduction as follows. The membrane
depolarizes, voltage sensitive calcium channels
open, and these allow extracellular calcium to
enter the cell. The elevated intracellular
calcium then promotes neurotransmitter
release.

● A heme protein (either in the cytosol or
mitochondria) is an oxygen sensor and a
biochemical event associated with the redox
state of the protein triggers transmitter 
release.

These hypotheses are not mutually exclusive and
perhaps the sensors work together as a ‘chemosome’
over a wide range of PO2 values (Prabhakar and
Peng 2004).

The potassium channel has been demonstrated
in submicron-sized membrane patches which con-
tinue to be modulated by oxygen when removed
from the cell. It has been suggested that the chan-
nel itself contains a heme group which may inter-
act with oxygen directly, thus modifying channel
confirmation and the probability of its being open
(Ganfornina and Lopez-Barneo 1991).

Also, there is evidence that non-mitochondrial
enzymes such as NADPH oxidases, NO synthase
and heme oxygenases may be involved in the
hypoxia sensing process. These proteins could con-
tribute to transduction via generation of reactive
oxygen species, nitric oxide and/or carbon monox-
ide (Prabhakar and Overholt 2000).

Dopamine is the most abundant transmitter
found in the carotid body. Hypoxia increases the rate
of release of dopamine from glomus cells. Norepi-
nephrine (noradrenalin) and 5-hydroxytryptamine
are next in abundance. There are also small quanti-
ties of acetylcholine and enkephalin-like peptides
in some glomus cells. Substance P, endothelin-1,
adenosine and purinergic receptors are also present
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and may be involved with modulating the hypoxic
response (Wilson et al. 2005).

It should be noted that, although the most
important function of the peripheral chemorecep-
tors (carotid and aortic bodies) is to respond to
hypoxia, they do also respond to an increase in
Pa,CO2 and decrease in arterial pH. The greatest
response to PCO2 is via the central chemoreceptors
in the brain stem (see section 5.13.1); a recent
study (Fatemian et al. 2003) suggested that subjects
who had had both carotid bodies removed had
about 36% lower HCVR than normal subjects.

CHRONIC HYPOXIA

Anatomically, chronic hypoxia results in hypertrophy
of the carotid body in animals and man probably
due to upregulation of growth factors, e.g. vascular
endothelial growth factor (VEGF) (Prabhakar and
Jacono 2005). Physiologically, there is an increase
in sensitivity over a period of about 30 min to some
weeks. The mechanism of this involves a number
of systems including those mentioned above and
no doubt others. It is likely that during this period
gene induction is involved (see section 5.5.1).

5.4 HVR AT SEA LEVEL

5.4.1 Methods for measuring HVR

A number of different methods have been used to
measure HVR, each having its advantages and dis-
advantages. Probably the most popular method for
studies involving large numbers of subjects is the
rebreathing method using an oximeter to measure
oxygen saturation continuously while the PCO2 is
held constant (Rebuck and Campbell 1974). More
recently, Robbins and his group in Oxford have
used a series of square wave pulses of hypoxia keep-
ing the carbon dioxide constant and then fitting a
single compartment model which yields a parame-
ter Gp, the hypoxic sensitivity (Ren and Robbins
1999).

Previously steady state methods have been used,
e.g. Cunningham et al. (1957), Severinghaus et al.
(1966a), in which the subject breathed a hypoxic
mixture until ventilation was steady, typically
10–20 min. All these methods measure the isocapnic

HVR. Single breath methods have also been used,
e.g. Dejours et al. (1959), in which a single breath
of altered PO2 was given and the change in tidal
volume in the following few breaths observed. Single
breath methods were thought to reflect the activity
of peripheral and not central chemoreceptors and
would not be influenced by HVD. There would also
be no time for a significant change in PCO2. The
steady state methods would reflect the activity of
both central and peripheral chemoreceptors and the
effect of HVD depending upon how long the ‘steady
state’ was held. They are also influenced by changes in
cerebral blood flow (CBF) which alter the arterial–
venous blood gas difference so that the central
chemoreceptors may see a change in PCO2 even if
end-tidal PCO2 is held constant. The simple and pop-
ular progressive hypoxia test is likely to be influenced
by both sets of chemoreceptors, HDV and CBF.

It should also be borne in mind that posture
influences the HVR (but not HCVR). Usually the
subject is seated. The supine position results in a
52% reduction in HVR and microgravity a reduc-
tion of 46%, presumably by the same mechanism,
that of an increase in the blood pressure in the
carotid baroreceptors (Prisk et al. 2000).

5.4.2 Variability of HVR: effect of age,
specific groups, and drugs

The range of HVR found in healthy sea level residents
is wide. The coefficient of variation varies between
23 and 72% in different studies (Cunningham et al.
1964, Weil et al. 1970, Rebuck and Campbell 1974).

Various groups of subjects at sea level have 
been shown to have lower HVRs than controls, for
instance endurance athletes (Byrne-Quinn et al.
1971) and swimmers (Bjurstrom and Schoene
1986). With increasing age HVR becomes lower
(Kronenberg and Drage 1973, Chapman and
Cherniak 1986, Poulin et al. 1993). Alcohol (Sahn
et al. 1974), respiratory depressant drugs and anes-
thetics inhibit HVR (Davis et al. 1982).

The thiol disulfide redox state (REDST) has an
effect on HVR (and erythropoietin production) 
as shown by treatment with N-acetyl-cysteine.
Hildebrandt et al. (2002) showed that HVR was
more than doubled after 6 days treatment with the
drug compared with placebo. This treatment greatly
increased the REDST and the increase in HVR
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showed a significant correlation with the increase
in REDST state. They suggest that the reduction in
HVR with age may be due to the effect of age on
REDST.

5.5 HVR AT HIGH ALTITUDE AND
INTERMITTENT HYPOXIA

5.5.1 HVR and acclimatization

During the first few days at altitude, respiratory
acclimatization takes place. This is shown by an
increase in ventilation and a decrease in PA,CO2.
PA,O2 falls immediately on exposure to acute alti-
tude and then rises (as PA,CO2 falls) over the next
few days. The rise in ventilation on acute exposure
to hypoxia is mediated by the HVR (by definition)
but further increase in ventilation is due to changes
in HCVR (see section 5.12) and HVR with more
time at altitude (see below).

The peripheral chemoreceptors are essential for
normal respiratory acclimatization, and animals
which have had their carotid bodies denervated fail
to acclimatize normally (Forster et al. 1981, Lahiri
et al. 1981, Smith et al. 1986). After denervation
these animals have raised Pa,CO2, which rises fur-
ther with acute hypoxia. With chronic hypoxia, at
least in some cases, there is a small fall in Pa,CO2

which has been taken by some workers as evidence
of acclimatization (Sorensen and Mines 1970).
This and other evidence suggests that chronic
hypoxia produces some effect on ventilation via
mechanisms other than the carotid body, possibly
via cerebral metabolism. All agree, however, that
denervated animals appeared ill at altitude and a
proportion die.

It might be expected that exposure to hypoxia of
some days or months would result in attenuation or
sensitization of the HVR. Michel and Milledge
(1963) found an increase in the hypoxic parameter
A in three out of four subjects after 1–3 months at
5800 m. Parameter A is the ‘shape’ parameter of the
hyperbola relating PA,O2 to ventilation (Fig. 5.3).
The larger the value the greater is the response.
There was no change in the other hypoxic parame-
ter, C (the PO2 at which theoretically ventilation
becomes infinite, the PO2 asymptote of the hyper-
bola). Cruz et al. (1980) also found an increase in
parameter A after 74 h of altitude exposure; this was

not seen in subjects whose PA,CO2 was not allowed
to fall.

The question of a change in chemoreceptor
responsiveness during acclimatization was reviewed
by Weil (1986), who points out that a number of
studies have not found any change in HVR with
acclimatization, although the presence of hypocap-
nic alkalosis, which has a depressant effect on HVR
at sea level, may have obscured a real change.
However, more recent studies have found an increase
in responsiveness. Barnard et al. (1987) found 
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Figure 5.3 Two steady-state inhalation experiments
typical of a lowlander (upper panel) and a Sherpa
highlander (lower panel). The numbers refer to the PO2

of each point. There is no significant difference in
hypercapnic ventilatory response (HCVR) but the ‘closed
fan’ of the Sherpa indicates very little HVR. Letters A–D
refer to the parameters relating HVR (A and C) and HCVR
(B and D). (From Milledge and Lahiri 1967.)



neurophysiological evidence of increased sensitiv-
ity of the carotid body for hypoxia in cats after
chronic hypoxia of 28 days but not after only 2–3 h.
Vizek et al. (1987) also presented evidence from
work in cats of an increase in HVR (parameter A)
after 48 h hypoxia. Nielsen et al. (1988) showed, in
goats, an increase in discharge in recordings from a
single carotid body afferent during hypoxia over a
6 h period. There was no change for the first hour
but a progressive increase thereafter. Note that the
goat acclimatizes much faster than humans. From
the same laboratory Engwall and Bisgard (1990)
found an increase in HVR after 4 h of hypoxia in
awake goats.

Apart from an increased response of the carotid
body it is possible that acclimatization might result
in changes in the CNS leading to an increase in
response by the respiratory center to signals from
the carotid body. This possibility was tested in a
study by Dwinell and Powell (1999) in anaesthetized
rats. They found an increase in phrenic nerve dis-
charge in response to supra-maximal stimulation of
the carotid sinus nerve in acclimatized rats as com-
pared with control animals suggesting this might be
a further mechanism in the increase in HVR with
acclimatization.

In humans, Yamaguchi et al. (1991), Sato et al.
(1992, 1994) and Goldberg et al. (1992) found a
significant increase in HVR in lowland subjects
after acclimatization at 3730–4860 m compared with
pre-exposure values. Masuda et al. (1992) measured
HVR serially in seven lowland subjects after arrival
at Lhasa (3658 m) as they acclimatized over 27 days.
They found a small decrease in HVR over the first
3–5 days then a considerable increase from day 5 to
27. It seems that there are significant differences in
response in different subjects especially in the first
few days at altitude, and that this may be associated
with their susceptibility or resistance to AMS (see
section 5.6 and Bartsch et al. 2002). These differ-
ences may account for some of the variability in
results from different studies.

Robbins’s group in Oxford has carried out a series
of chamber studies in which the inspired gases can
be controlled so as to keep the subject’s end-tidal
PCO2 constant. Thus they are able to study the
changes in HVR with hypoxia over the first 8 h and
later 48 h with or without the confounding effect
of respiratory alkalosis mentioned above. They
found that HVR did increase even under isocapnia

(Howard and Robbins 1995). They also showed
that acclimatization had taken place even with iso-
capnia in that ventilation was raised under acute
hyperoxia (Tansley et al. 1998). Using a 48 h cham-
ber exposure, under either isocapnic or poikilocap-
nic hypoxia, the increase in hypoxic sensitivity
started within 12 h and reached peak at about 36 h.
That there was no difference between isocapnic
and poikilocapnic results suggests that the respira-
tory alkalosis (due to reduced PCO2), normal in
early acclimatization, is not an important part of
the mechanism for the increase of HVR.

This increase in HVR over the period of a few
days to a few weeks could explain the further increase
in ventilation over this period of altitude exposure.
The mechanism for this increase in HVR is not
clear. A recent study in awake goats using selective
inhibitors indicates that 5-HT is not essential for
this aspect of ventilatory acclimatization (Herman
et al. 2001). The possibility that HVD might change
during acclimatization was considered by Sato et al.
over a 3 day and a 2 week exposure (1992, 1994)
and they found no change. Hupperets et al. (2004)
extended this period to 8 weeks at a similar alti-
tude (3900 m) and also found that HVD did not
change.

A recent study has demonstrated the impor-
tance of the hypoxia inducible factor 1α (HIF-1α)
in the changes in HVR with acclimatization (Kline
et al. 2002). In this study transgenic mice, with one
chromosome for HIF-1α knocked out, heterozy-
gous (homozygous knock out mice die in utero),
were compared with wild-type mice. Whereas there
was no difference in response to acute hypoxia, the
effect of chronic hypoxia (3 days at 0.4 atm) was
different. The wild-type mice showed the expected
increase in HVR, the knock out mice showed reduced
HVR. They showed this result both in terms of venti-
lation, especially respiratory rate, and in sinus nerve
activity, indicating it was an effect in the carotid
body as opposed to a purely central effect. HIF-1α
induces transcription of many genes that are influ-
enced by hypoxia, including those mentioned above.
It may also be the mechanism by which hypoxia
effects the potassium channel activity in glomus
cells leading to depolarization and increases in cal-
cium concentration and neurotransmitter release
(Prabhakar 2000). HIF-1αclearly has a global role
as the master regulator of oxygen homeostasis (see
section 8.4.1 for further discussion of HIF-1α).
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Malik et al. (2005) found a clue as to a gene which
might be responsible for this aspect of acclimatiza-
tion, the immediate early gene, fos B. This is a
member of a family of transcription factor genes
active in the brain which are inducible by a variety
of stimuli including drugs, hormones and, interest-
ingly, repetitive behavior, as well as hypoxia. They
found that mice lacking this gene had the same
HVR as wild-type mice but while the latter
increased their ventilation and HVR with chronic
hypoxia (3 days at 0.4 atm), the mutant mice failed
to increase their ventilation or their HVR.

The question of the role of HVR in effecting the
change in carbon dioxide response and brain
extracellular bicarbonate concentration is consid-
ered in section 5.13.

5.5.2 HVR and intermittent hypoxia

With the increase in the use of intermittent hypoxia
(IH) in athletic training and also interest in clinical
conditions such as obstructive sleep apnea, there
have been a number of studies in which the effect
of various forms of IH have been used and the effect
on HVR observed.

Serebrovskaya and colleagues (1999) gave their
subjects three, 5-to-6-min rebreathing sessions per
day, separated by two 5-min breaks, for 14 days.
During the procedure the end-tidal PO2 progressively
decreased from 105–100 mmHg to 50–40 mmHg
during the first week and to 40–35 mmHg during 
the second week as subjective tolerance to hypoxia
increased. End-tidal PCO2 (PETCO2) was kept con-
stant. They found that the HVR increased by 43%
after the training compared with pre-training 
control values.

Garcia et al. (2000) using 2 h a day of hypoxia
(3800 m equivalent) for 12 days found HVR
increased to 193% above control by day 5 but then
declined to 70% above control by day 12. Katayama
et al. (2001) showed that as little as 1 h of hypoxia
(4500 m equivalent) per day for 7 days significantly
increased HVR whilst Townsend et al. (2002) in
their study of trained athletes ‘living high, training
low’ also found an increase in HVR that was dose
dependent. That is, the groups having most hypoxia
had greatest increase in HVR and this continued to
increase with the number of nights spent in
hypoxia. They were also able to show a decrease in

PETCO2 of about 3 Torr in normoxia, though no
measured change in ventilation.

It seems that IH definitely results in an increase
in HVR though whether the change is more, less or
about the same as an equivalent dose of hypoxia
given continuously is not clear. The effects of IH
on other aspects of the physiology of hypoxia are
addressed in other chapters.

5.5.3 HVR and altitude residents

Chiodi (1957) reported that altitude residents in 
the Andes had higher PA,CO2 than acclimatized low-
landers. Severinghaus et al. (1966a) showed that
Andean Indians born and living at altitude had a
blunted HVR and similar findings were reported in
Sherpas, natives to high altitude in the Himalayas
(Lahiri and Milledge 1967, Milledge and Lahiri
1967). Steady-state inhalation experiments typical
of a lowlander and a Sherpa are shown in Fig. 5.3.
The ‘opened-out fan’ of CO2 response lines of the
lowlander indicates a brisk HVR whereas the ‘closed
fan’ of the Sherpa shows that changing PA,O2

between 200 and 30 mmHg has very little effect on
ventilation. These early reports have been con-
firmed and Lahiri (1977) has reviewed the data
from these studies. There is considerable variability
amongst these people, the HVR varying from
almost zero response to values within the lowlander
range. One study (Hackett et al. 1980) claimed that
Sherpas did not show this blunted HVR. However,
even this study showed that HVR was lower in
Sherpas with the longest altitude exposure. More
recently, Zhuang et al. (1993) found HVR in Tibetan
subjects at 3658 m to be less than in acclimatized
Han Chinese at the same altitude.

One large study compared Tibetan with Andean
high altitude residents directly. Beall et al. (1997a)
studied 320 Tibetans and 552 Andean subjects. They
found resting ventilation to be higher in Tibetans by
a factor of about 1.5, and their HVR to be roughly
double that of the Andean subjects. Comparison of
these two populations is discussed further in
Chapter 17.

Weil et al. (1971) showed blunting of HVR in
North Americans born and living at Leadville,
Colorado (3100 m), HVR being only 10% of that
found in the sea level controls. In residents, the
blunting of HVR was dependent on the time of
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residence at altitude. Roughly 50% reduction in
HVR was found at about 10 years.

5.5.3 Lowlanders resident at
high altitude

Early studies of lowland subjects resident for a few
years at high altitude suggested that HVR remained
unchanged indefinitely (Sorensen and Severinghaus
1968, Lahiri et al. 1969). However, in a study of low-
landers resident at altitude for decades (Weil et al.
1971) it was shown that blunting did take place
slowly.

5.5.4 Highlanders resident at sea level

The HVR was found not to change in high altitude
natives who came down to live at low altitude for 10
months (Lahiri et al. 1969), but Vargas et al. (1998),
also in South America, in two studies found no dif-
ference in HVR between high and low altitude
natives measured at low altitude. In one study the
HA natives had been at altitude (�3000 m) for an
average of 14 years and had resided at sea level for
at least 20 years. In the other study they had lived
above 3500 m for at least 20 years and at sea level
for no more than 5 years. This study was followed up
recently by a group from Lima and Oxford. Gamboa
et al. (2003) considered the possibility that HVR
might differ according to whether the test used a
sufficiently short hypoxic exposure to avoid HVD
(see section 5.2.2) or not. They found that high
altitude natives, from altitudes above 3500 m, resi-
dent at low altitude for more than 5 years, when
compared with low altitude natives had blunted
HVR using a 10 min hypoxic exposure; but using 
a more acute hypoxic exposure (50 s for each step
change of oxygen) most of the difference disap-
peared. These findings may explain some of the dif-
ferences in results of previous studies of this topic.
Why high altitude natives appear to have greater
HVD than sea level natives is not clear.

5.5.5 The development of blunted HVR

Lahiri et al. (1976) found evidence in Andean
Indians that HVR was normal in children and

became blunted only as they grew into adulthood
at altitude. They suggested the rate of blunting was
more rapid the higher the place of residence. Weil
et al. (1971) showed that in North American sub-
jects in Leadville, Colorado, blunted HVR also
developed but only after decades of high altitude
residence.

In cats this blunting is seen after 3–5 weeks if
the hypoxia is sufficiently severe. Tatsumi et al.
(1991) showed blunting of HVR after this time at a
simulated altitude of 5500 m. They also found that
HVR, measured by recording from the carotid
sinus nerve, was blunted. They considered that
both central and peripheral parts of the system
contributed to the reduction in overall HVR.

These findings prove that the blunting of the
HVR takes many years to develop in humans and is
due to environmental rather than genetic factors.

5.6 HVR AND ACUTE MOUNTAIN
SICKNESS

AMS is a condition affecting otherwise fit people on
ascending rapidly to altitude. For details of sympto-
matology, etiology and treatment see Chapter 18. It
would seem axiomatic that a brisk HVR by increas-
ing ventilation reduces the degree of hypoxia and
must be protective against AMS. There is some evi-
dence that this may be the case, but it is by no means
overwhelming.

Hu et al. (1982) showed that six good acclimatiz-
ers (no history of AMS) had brisk HVR while four
poor acclimatizers (subjects who had AMS on going
to altitude) had blunted responses. Richalet et al.
(1988) found that, in 128 climbers going to altitude
on various expeditions, a measure of HVR carried
out before departure indicated that a low response
was a risk factor for AMS. However, high altitude
residents and peoples native to high altitude have
blunted HVR (see section 5.5.2) and yet tended to
be less subject to AMS than lowlanders. In climbers
resident at low altitude, of varying altitude experi-
ence, Milledge et al. (1988, 1991a) found no correla-
tion between HVR, measured before expeditions to
Everest, Mount Kenya and Bolivia, and the symp-
tom score for AMS in the first few days after arrival
at altitude.

Masuda et al. (1992) found an initial decrease 
in HVR 1–5 days after arrival at Lhasa (3700 m) 
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followed by an increase and suggested that this
might explain why these first few days are the time
of risk for AMS. More recently Bartsch et al. (2002)
examined the correlation of HVR (both iso- and
poikilocapnic) measured at sea level, with subse-
quent development of AMS at 4559 m. They found
none. However, they also measured HVR on the first
few days after arrival at 4559 m and showed that
there was a significant correlation between the
change in HVR from the sea level value, to that
measured on the first day at altitude, and the AMS
symptom score on the next day. That is, subjects
who increased their HVR tended to be resistant to
AMS, whilst those who, on the second day, had AMS
had shown a decrease in HVR on the first day at 
altitude; see Fig. 5.4.

These studies all considered a correlation, or lack
of it, between HVR and simple or benign AMS. The
relationship of HVR and HAPE seems clearer.
Hackett et al. (1988b) studied seven male patients
with HAPE and found HVR was low, especially in
those with most severe hypoxemia. Bandopadhyay
and Selvamurthy (2003) also reported that HVR
was lower in a group of soldiers who had suffered
from HAPE.

Hohenhaus et al. (1995) measured HVR in 30
subjects proved to be HAPE susceptible compared
with a control group. They concluded that a low
HVR is associated with an increased risk of HAPE
but not with simple AMS. HAPE susceptible sub-
jects have a greater hypoxic pulmonary vascular
response (HPVR) than HAPE resistant subjects (see

Chapter 20). A low HVR means that their PA,O2 is
likely to be lower than others at a given altitude,
especially on exercise (see section 5.7), thus raising
their pulmonary artery pressure even higher.

5.7 HVR AND ALTITUDE: PERFORMANCE

Apart from AMS, some people ‘go well’ at altitude
whereas others, just as athletically fit, seem much
more adversely affected. In general, there is a good
correlation between freedom from AMS and good
altitude performance. Again, it would seem advan-
tageous for a mountaineer to have a brisk HVR in
order to maintain a better oxygen supply to the
working muscles. However, the evidence for this is
conflicting.

Climbers with a brisk HVR were found to suffer
greater impairment of mental performance at alti-
tude (Hornbein et al. 1989), presumably as a result
of reduced brain blood flow due to lower Pa,CO2

(see Chapter 16 for details of this work).
Schoene (1982) showed that 14 high altitude

climbers had significantly higher HVR than 10 con-
trols. During the 1981 American Medical Research
Expedition to Everest, Schoene et al. (1984) extended
this work, showing again that the HVR measured
before and on the expedition correlated well with
performance high on the mountain (Fig. 5.5). They
also showed that, at altitude (6300 m), the fall in
oxygen saturation on exercise is greater in subjects
with a low HVR and least in those with a brisk
response. This effect is most obvious at extreme alti-
tude when the Pa,O2 is well onto the steep part of the
O2 dissociation curve. In part of this study subjects
breathed a low oxygen mixture which brought out
this effect even more clearly. Thus, subjects with a
blunted HVR are not only more hypoxic at rest but
have even greater hypoxia on exercise than brisk
responders. This is because there is a correlation
between HVR and exercise ventilatory response
(Martin et al. 1978).

Matsuyama et al. (1986) found that five climbers
who reached an altitude of 8000 m on Kangchen-
junga (8486 m) had a higher HVR than five climbers
who did not.

However, the blunted HVR in peoples native to
high altitude who perform at least as well as lowlan-
ders argues against the necessity for a brisk HVR.
They have probably adapted in other ways such as
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and day 1 at altitude (4559 m) versus Lake Louise acute
mountain sickness (AMS) scores on day 2. (From Bartsch
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having larger lungs with higher diffusing capacities
and may have developed differences in metabolism
(Chapter 17). There is also evidence of not so brisk
HVR in top level climbers. On the British Mount
Kongur Expedition four elite climbers were found
to have lower HVR than four scientists on the same
expedition (Milledge et al. 1983c). Schoene et al.
(1987) studied one of the two climbers to first reach
the summit of Mount Everest without supplemen-
tary oxygen and found him to have a low HVR. Oelz
et al. (1986) also showed that six elite climbers who
had all reached at least 8400 m without supplemen-
tary oxygen had HVRs no different from controls.
In a prospective study of 128 climbers going on
expeditions to the great ranges, Richalet et al. (1988)
found that a measure of HVR did not correlate with
the height reached, whereas maximal oxygen con-
sumption (V� O2,max) measured at sea level did.

Serebrovskaya and Ivashkevich (1992) found
that subjects with the highest HVR had higher
physical capacity at moderate altitude but tolerated
extreme hypoxia less well, in that the PO2 at which
they had a disturbance of consciousness was higher
than subjects with less brisk HVR. This may be

explained by the fact that because of their hyper-
ventilation, their PCO2 would be lower and there-
fore their cerebral blood flow would be lower
leading to more severe brain hypoxia.

5.8 HVR AND SLEEP

A feature of sleep at high altitude is periodic
breathing. This not only disturbs sleep, the subject
often waking with a distressing sensation of suffo-
cation, but also results in quite profound hypoxia
for short but repeated periods following the apneic
phase of the periodic breathing (see Chapter 13).
It may be that these short but repeated periods 
of profound hypoxia are more detrimental than a
steady moderate hypoxia, although the peak and
average Sa,O2 tend to be higher during periodic
breathing (Salvaggio et al. 1998). Lahiri et al. (1984)
have shown that to produce periodic breathing a
brisk HVR is needed, so in this respect a brisk HVR
may be a disadvantage (see Chapter 13).

5.9 HVR AT ALTITUDE: CONCLUSIONS

Animals that have had their carotid bodies dener-
vated appear sick on being taken to altitude and have
a high mortality, so an HVR sufficient to at least
counter the central depressant effect of hypoxia is
clearly beneficial. Whether a very brisk HVR is more
advantageous than a more modest response is ques-
tionable. Relative hypoventilation at altitude is pos-
sibly a risk factor for AMS (see Chapter 18) but the
HVR measured at sea level is only one factor in
determining the ventilation after a day or two at
altitude. The speed of respiratory acclimatization
(rate of change in both HVR and HCVR) may be
more important than the sea level HVR (Fig. 5.4).

In subjects with a brisk HVR it seems likely that
periodic breathing will begin at lower altitudes and
be present for more of the night than in subjects
with a more blunted HVR. Mental performance at
altitude and even after return to sea level may be
more impaired in subjects with a brisk HVR (see
Chapter 16).

Lowlanders with little or no altitude experience
may possibly acclimatize faster and be freer of AMS
if they are endowed with a brisk HVR. Highlanders,
with decades of altitude living, probably develop
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Figure 5.5 HVR and height reached on Mount Everest
by eight mountaineers on the American Medical
Research Expedition to Everest 1981. (Redrawn from
data of Schoene et al. 1984.)



adaptations at the tissue level which allow them to
dispense with this ‘emergency’ response to hypoxia
and avoid the need for hyperventilation. They there-
fore avoid the extra energy cost. Highly experienced
climbers may also have made some progress towards
this adaptation and so may not require a brisk HVR
to avoid mountain sickness and perform well at 
altitude.

5.10 ALVEOLAR GASES AND
ACCLIMATIZATION

It has been pointed out that if PI,O2 is progres-
sively reduced over a few minutes there is very little
effect on ventilation until PI,O2 has fallen to about
100 mmHg (equivalent to about 3000 m). However,
in residents at altitudes lower than this, ventila-
tion is increased. This effect of chronic hypoxia in
increasing ventilation (over and above that due to
acute hypoxia) is an important aspect of respira-
tory acclimatization.

Minute ventilation at rest is not easy to measure
accurately because the placing of a mouthpiece or
a mask on a subject itself tends to increase ventila-
tion. Therefore it is usual to use PA,CO2 as an index
of ventilation, since during steady state there is a
close (inverse) relationship between PA,CO2 and
ventilation.

The classical description of the effect of altitude
on alveolar gases is by Rahn and Otis (1949) on the
oxygen/carbon dioxide diagram (Fig. 5.6). Alveolar
gases in subjects acutely exposed to varying PI,O2

in a decompression chamber are compared with
results from residents at various altitudes culled
from the literature.

It will be seen that in chronic hypoxia PCO2 falls
in a linear fashion from sea level up to altitudes of
about 5400 m, above which PCO2 falls more rapidly
so that the line dips down, that is with increasing
altitude, PCO2 falls but PO2 falls very little. These are
altitudes above the highest permanent habitation
and points are from climbers who have been there
for some days or weeks. At this altitude complete
acclimatization is probably not possible; the physi-
ology is further discussed in Chapter 12.

Figure 5.6 also shows that at about 5000 m the
difference in alveolar gases between the two lines, i.e.
acclimatized and unacclimatized subjects, is greatest.
The PA,CO2 is 10–12 mmHg lower in acclimatized

subjects, indicating an increase in ventilation of over
40% compared with unacclimatized subjects.

5.11 ACUTE NORMOXIA IN 
ACCLIMATIZED SUBJECTS

If acclimatized subjects are returned to normal
(sea level) PO2 either by rapid return to sea level or
by breathing a gas mixture appropriately enriched
with oxygen their ventilation is reduced and the
PA,CO2 rises but does not return to sea level values.
The remaining elevation of ventilation and depres-
sion of PA,CO2 has been termed ‘ventilatory deac-
climatization from hypoxia’ (VDH). The increase
in PI,O2 turns off most of the hypoxic drive and the
residual hyperventilation indicates the changes in
CO2 response induced by acclimatization. This
VDH is most accurately measured when ventila-
tion is recorded during exercise.

Figure 5.7 shows results from two typical exper-
iments (Milledge 1968). It will be seen that by
breathing sea level PI,O2 the increase in ventilation
at altitude compared with sea level is reduced by
only 40–50% at any given sub-maximal work rate.
This suggests that about half the increase in venti-
lation is due to the hypoxic stimulus (HVR being
increased by acclimatization) and half due to the
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Figure 5.6 Alveolar gas concentrations and altitude.
The upper line represents the PO2 and PCO2 found in
subjects actually exposed to increasing hypoxia in a
chamber. The lower line is from residents at various
altitudes and from acclimatized mountaineers. (After
Rahn and Otis 1949.)



changes in control of breathing, principally in the
response to CO2, due to acclimatization.

If subjects are returned abruptly to sea level, as
after a long chamber experiment, this continued
hyperventilation persists for some days. The time
course of this VDH is similar to that of acclimatiza-
tion and has been assumed to be due to similar
mechanisms being turned on and off. However,
the view that there may be different mechanisms
involved is gaining ground (Smith et al. 2001) and a
chamber study in humans found that VDH was
similar in subjects whose PCO2 was allowed to drop
(poikilocapnic) compared with those maintained
isocapnic during a 48 h exposure to hypoxia  (Tansley
et al. 1998).

5.12 CARBON DIOXIDE VENTILATORY
RESPONSE AND ACCLIMATIZATION

An important aspect of respiratory acclimatization
is the change in carbon dioxide ventilatory response
(HCVR) measured either by the steady state (Lloyd
et al. 1958) or by a rebreathing method (Reed 1967).

The effect of time at altitude on the HCVR is
shown in Fig. 5.8, which is from the work of Kellogg
(1963). The steady-state method was used in three
subjects to measure the HCVR before ascent to
White Mountain. The measurement was repeated a
few hours after arrival by road at 4350 m and there-
after at intervals as indicated on the figure. It will be
seen that the HCVR line shifts progressively left-
wards and steepens. Voluntary hyperventilation of
only 6 h duration breathing air has a significant effect
in shifting the carbon dioxide response curve to the
left (Ren and Robbins 1999).

5.13 MECHANISM FOR RESETTING HCVR

5.13.1 Central chemoreceptors

Although the peripheral chemoreceptors are sensi-
tive to changes in PCO2 and hydrogen ion concen-
tration, the main sensor for changes in PCO2 is the
central medullary chemoreceptor. This is a paired
region of the CNS situated just beneath the surface
of the fourth ventricle in the medulla. Work by
Mitchell (1963) showed that this area is sensitive to
changes in hydrogen ion concentration in the
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Figure 5.7 Effect of breathing sea level PI,O2 on
exercise minute ventilation in two acclimatized subjects
(o) compared with their ventilation during air breathing
at altitude (∆) and at sea level (x). (Milledge 1968.)

Figure 5.8 Effect of acclimatization
on HCVR at an altitude of 4340 m. V

.
,

ventilation. (Reproduced with
permission from Kellogg 1963.)



brain ECF. Such changes are brought about prima-
rily by changes in arterial PCO2. More recent work
indicates that in addition there are other sites in
the brain stem which are also chemo-sensitive and
respond to changes in [H] (Nattie 2002).

The blood–brain barrier is readily permeable to
dissolved carbon dioxide, less permeable to hydro-
gen ions and even less to bicarbonate. Thus, a rise
in Pa,CO2 is rapidly reflected in CSF PCO2 and
causes a rapid increase in CSF hydrogen ion con-
centration. Increases in hydrogen ion concentra-
tion sensed by the chemoreceptors result in
increased stimulation of the respiratory center and
an increase in ventilation.

5.13.2 The importance of CSF
bicarbonate

The chemoreceptors sense the hydrogen ion con-
centration in the brain ECF (or possibly some
other extracellular or intracellular compartment)
but since this cannot be sampled, the following
discussion centers on the CSF acid–base changes
which can be measured. See section 5.15.1 for fur-
ther discussion of the differences between these
two compartments.

The Henderson–Hasselbalch equation, which
defines the relationship between PCO2, bicarbonate
and pH (hydrogen ion concentration), is shown in
Fig. 5.9. This indicates that for hydrogen ion con-
centration to be held constant, a change of bicar-
bonate concentration must be followed by a change
of PCO2 in the same direction. Assuming the sensi-
tivity of the central chemoreceptors to hydrogen ion
concentration remains constant, a reduction in
bicarbonate concentration will result in an increase
in hydrogen ion concentration which will stimulate
the central chemoreceptor and cause a rise in venti-
lation. This, in turn, will lower the PCO2 and restore
the hydrogen ion concentration to normal, but now
with a lower PCO2. Thus a reduction in CSF bicar-
bonate concentration has the effect of resetting the
chemoreceptor to start responding at a lower PCO2

(a shift to the left of the HCVR line). A rise in CSF
bicarbonate concentration has the opposite effect
and is seen in patients with chronic bronchitis and
hypercapnia. If the chemoreceptor responds to log
hydrogen ion concentration (i.e. pH), then changes
in PCO2 at low values, e.g. 20–21 mmHg, will have

twice the effect of that at normal values, i.e.
40–41 mmHg. This would then explain the steepen-
ing of the HCVR seen in acclimatized subjects.

These effects are shown in Fig. 5.10. This is a
theoretical representation of the effect on HCVR
of a reduction in CSF bicarbonate concentration.
A typical HCVR line at sea level is shown on the
right. The CSF bicarbonate concentration is 24 mmol
L�1. If the CSF bicarbonate concentration is reduced
to 17 mmol L�1 the chemoreceptor now ‘sees’ an
increased hydrogen ion concentration and ventila-
tion is stimulated until hydrogen ion concentration
is reduced to the previous value. The resulting PCO2

values are plotted and joined by a line giving the new
HCVR on the left. This looks very similar to the
actual effect of acclimatization on HCVR.

It is suggested that the mechanism of the change
in HCVR is a reduction in CSF bicarbonate concen-
tration. Evidence for this is provided by the experi-
ments of Pappenheimer et al. (1964) in which they
perfused the cerebral ventricles of awake goats with
artificial CSF, varying the pH and bicarbonate con-
centration. They showed that by simply reducing
the bicarbonate concentration in the CSF, the
HCVR was shifted to the left.

Bisgard et al. (1986) found evidence of the
importance of CSF bicarbonate concentration in
maintaining the residual ventilation of acclimatiza-
tion on giving normoxia. These workers perfused
the carotid body in awake goats with hypoxemic
blood while the rest of the animal, including the
brain, was normoxic. Carbon dioxide was added to

64 Ventilatory response to hypoxia and carbon dioxide

Figure 5.9 Calculated effect of reducing CSF [HCO3
�]

on the HCVR using the Henderson–Hasselbalch equation
and assuming CSF pH is held constant by ventilatory
induced changes in PCO2. V�, ventilation.



the inspired gas to maintain normocapnia despite
hyperventilation. There was a time-dependent
increase in ventilation over the 4 h of the experi-
ment, due presumably to increases in HVR. But
since brain and body were normocapnic and nor-
moxic there would have been no change in CSF
bicarbonate concentration. Full respiratory acclima-
tization did not take place since, on switching the
carotid perfusion to normoxia, ventilation promptly
fell to normal.

5.13.3 Reduction in CSF bicarbonate
concentration at altitude

In lowlanders going to an altitude of 3800 m 
the CSF bicarbonate concentration is reduced
from a mean sea level value of 24.7 mmol L�1 to

20.4 mmol L�1 on the second day at altitude and
20.1 mmol L�1 on day 8 (Severinghaus et al. 1963).
Similar results (mean 20.1 mmol L�1) were found
at 4880 m (Lahiri and Milledge 1967). Residents at
high altitude had similar values, 19.1–21.3 mmol
L�1 (Severinghaus and Carcelan 1964, Lahiri and
Milledge 1967, Sorensen and Milledge 1971). Thus
the reduction in CSF bicarbonate concentration of
4.5 mmol L�1 measured at altitude might explain
the shift of the HCVR line to the left, though respi-
ratory acclimatization probably also involves con-
tributions from other mechanisms such as changes
in HVR (see section 5.5.1). The mechanism for the
reduction in bicarbonate and the importance of
CNS pH was discussed at length in previous edi-
tions of this textbook. However, the consensus of
opinion now seems to emphasize the changes in
HVR rather than in CO2 response as the more
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important element in the hyperventilation of alti-
tude acclimatization. To quote Smith et al. (2001):

Regulation of CNS [H�] as a mechanism of
ventilatory acclimatization to hypoxia is an
elegant hypothesis with considerable logical
appeal. However, it has been difficult to estab-
lish any major role for CNS [H�] in the control
of ventilatory acclimatization, when the entire
time course of the process is considered.

5.13.4 Brain intracellular pH

Using magnetic resonance spectroscopy on unac-
climatized lowland subjects in a hypobaric cham-
ber, Goldberg et al. (1992) found that, after a week
at 4267 m simulated altitude, there was no signifi-
cant change in intracellular pH although on return
to normobaria there was a significant intracellular
acidosis compared with pre-altitude exposure.

5.14 DYNAMIC CARBON DIOXIDE
RESPONSE

Carbon dioxide is eliminated only during expira-
tion; during inspiration it is retained. Therefore the
level of carbon dioxide in the blood leaving the
lungs must oscillate in time with breathing. During
exercise these oscillations will be increased.
Yamamoto and Edwards (1960) suggested that these
oscillations might be a signal to which the periph-
eral chemoreceptors could respond over and above
the mean level of carbon dioxide in the arterial
blood. The response to this putative signal of change
in carbon dioxide with time is called the dynamic
carbon dioxide ventilatory response. Datta and
Nickol (1995) showed that this response could be
demonstrated in exercising humans (it had been
shown previously in anesthetized cats) by measur-
ing the ventilation during the injection of a small
bolus of carbon dioxide either early or late in inspi-
ration. Ventilation was found to be greater with
early pulses. Collier et al. (1995) showed that this
response is absent in acute hypoxia and weak or
absent on first arrival at altitude. It is enhanced with
acclimatization and is greatest in subjects who have

climbed to over 7000 m. This provides evidence that
the ventilatory response of the peripheral chemore-
ceptor is increased for carbon dioxide as it is for
hypoxia (section 5.5.1).

5.15 LONGER TERM ACCLIMATIZATION

5.15.1 Highlanders

People native to high altitude have slightly lower
ventilation and higher Pa,CO2 than acclimatized
newcomers (Chiodi 1957). This is probably due to
their blunted HVR (see section 5.5.2). The HCVR of
Andean natives (Severinghaus et al. 1966a), Sherpas
(Milledge and Lahiri 1967) and Tibetans (Shi et al.
1979) has the same slope as that of lowlanders at the
same altitude. The position of the carbon dioxide
ventilatory response line may be to the right
(Severinghaus et al. 1966a) or not significantly dif-
ferent from lowlanders (Milledge and Lahiri 1967).
That is, there is little difference between highlanders
and lowlanders in their carbon dioxide ventilatory
response.

5.15.2 Lowlanders

Although most of the respiratory acclimatization
takes place within the first few hours and days at
altitude, there may be further changes over the fol-
lowing weeks. In humans, there is a further increase
in ventilation and Pa,O2 with a further decrease in
Pa,CO2 (Forster et al. 1974), though in other ani-
mals, e.g. pony and goat, the Pa,CO2 reaches the low-
est point at 8–12 h and then rises. The rat responds
like humans with continued fall in Pa,CO2 up to 14
days (Dempsey and Forster 1982). There is no sig-
nificant change in acid–base balance over this
period to account for this further ventilatory adap-
tation. This further increase in ventilation is proba-
bly due to an increase in HVR, due to changes in
both sensitivity of the carotid body over this period
(see section 5.5.1) and in changes in control of ven-
tilation from higher centers, such as has been
demonstrated in cats by Tenney and Ou (1977).
This might be due to activation of genes such as fos
B (Malik et al. 2005) (section 5.5.1).
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SUMMARY

Important changes in pulmonary gas exchange
occur at high altitude. The most obvious feature is
the hyperventilation resulting from hypoxic stimula-
tion of the peripheral chemoreceptors. The hyper-
ventilation reduces the alveolar PCO2 and helps to
maintain the alveolar PO2 in spite of the inevitable
fall associated with the reduced PO2 of inspired gas.
As an example of the extent of the hyperventilation
that can occur, climbers on the summit of Mount
Everest increase their alveolar ventilation some 
five-fold and drive the alveolar PCO2 down to less
than 10 mmHg. The degree of hyperventilation is
very different depending on whether subjects are
exposed to acute hypoxia, or whether they have the
advantages of acclimatization. With acute hypoxia
there may be no increase in ventilation up to altitudes
of about 3500 m. However, in acclimatized subjects,
essentially any increase in altitude above sea level
results in a rise in alveolar ventilation and a fall in
alveolar PCO2. Diffusion of oxygen across the blood-
gas barrier is a critical link in the oxygen cascade
from the atmosphere to the mitochondria. Diffusion
limitation of oxygen transfer across the blood-gas
barrier occurs during exercise at even moderate alti-
tudes and at rest at extreme altitude. This is one 

of the few situations when diffusion limitation for
oxygen is seen in the normal lung. Diffusion across
the blood-gas barrier is enhanced if the oxygen
affinity of hemoglobin is increased, and it is of
interest that this occurs at extreme altitude because
of the severe respiratory alkalosis. Lowlanders who
go to high altitude have a small increase in diffusing
capacity caused partly by the polycythemia. High-
landers generally have higher diffusing capacities
than lowlanders possibly because of the accelerated
growth of the lung in a hypoxic environment.
Ventilation–perfusion inequality is a major cause of
impaired gas exchange at sea level but is a minor fac-
tor at high altitude. However, very high altitudes,
particularly associated with exercise, cause ventila-
tion–perfusion inequality possibly because of the
development of subclinical pulmonary edema.
There is some evidence that gas exchange in the pla-
centa is enhanced at high altitude.

6.1 HISTORICAL

Some aspects of the effects of high altitude on pul-
monary gas exchange, particularly the hyperventi-
lation and the cyanosis, have been recognized ever
since the early days of the balloonists. For example,



in 1804 the eminent French scientist Louis Joseph
Gay-Lussac ascended to an altitude of what was
thought to be 7020 m in a balloon and reported that
his breathing was difficult, and his pulse and respi-
ration were high. There were also reports of discol-
oration of the hands and face presumably the result
of cyanosis. In fact during the ill-fated flight of the
Zénith referred to in Chapter 1, Tissandier reported
that Sivel’s face was black. On the other hand, the
early balloonists did not complain as much about
difficulties with breathing including breathlessness
as did high altitude climbers, and this is consistent
with the fact that acute hypoxia does not result in as
large a ventilatory response as prolonged hypoxia, as
we shall see below.

Early mountain climbers were well aware of the
shortness of breath at high altitudes. During an
early ascent of Mont Blanc by the Swiss physicist
Horace-Bénédict de Saussure in 1787, he complained
that ‘the rarity of the air gave me more trouble than
I could have believed. At last I was obliged to stop for
breath every 15 or 16 steps. . . .’ In fact on the sum-
mit he complained that he was ‘constantly forced to
interrupt my work and devote myself entirely to
breathing.’ The eminent climber Edward Whymper,
during the first ascent of Chimborazo (6420 m) in
1880, gave a colorful description of shortness of
breath stating that

we were unable to satisfy our desire for air,
except by breathing with open mouths. . . .
Besides having our normal rate of breathing
largely accelerated, we found it impossible to
sustain life every now and then giving spas-
modic gulps, just like fishes when taken out
of water.

Some of the most striking accounts of breathless-
ness at high altitude came from the early expedi-
tions to Mount Everest. For example in 1924 at an
altitude of about 8380 m, E.F. Norton stated that

our pace was wretched. My ambition was to
do twenty consecutive paces uphill without a
pause to rest and pant elbow on bent knee;
yet I never remember achieving it – thirteen
was nearer the mark.

His companion T. Howard Somervell was even
more breathless stating ‘From taking three or four

breaths to a step we were reduced to having to take
ten or more.’ Finally, Reinhold Messner, who with
Peter Habeler made the first ascent of Everest with-
out supplementary oxygen in 1978, stated when he
was on the summit ‘I have nothing more to do than
breathe. . . . I am nothing more than a single, nar-
row, gasping lung.’

It is remarkable that in spite of so many anec-
dotal accounts of hyperventilation at high altitude,
some of the most eminent physiologists claimed
that it did not occur. For example, Paul Bert stated
that hyperventilation does not occur at high alti-
tude and wrote

what is really certain is that . . . a dweller in
lofty altitudes, does not even try to struggle
against the decrease of oxygen in his arterial
blood by speeding up his respiration succes-
sively, as was first supposed. The observations
of Dr. Jourdanet are conclusive. (Bert 1878)

Possibly this error can be traced to the fact that
Bert worked exclusively with low pressure chambers
that only allowed short-term observations of the
effects of acute hypoxia. However, even Angelo
Mosso, who had the advantage of studying long-
term residents at the Capanna Margherita, reported
that although respiratory frequency was increased at
high altitude, total ventilation was decreased. He
reached this erroneous conclusion because he con-
verted the volumes to standard conditions (0°C and
1000 mmHg in his case) rather than to body tem-
perature and pressure, saturated with water vapor
(BTPS).

Turning now to the role of diffusion in pul-
monary gas exchange, the controversy over oxygen
secretion constitutes one of the most colorful
episodes in the history of high altitude medicine.
The debate was briefly alluded to in Chapter 1. An
early proponent of the secretion hypothesis was the
Danish physiologist Christian Bohr. In a paper pub-
lished in 1891 he compared the PO2 and PCO2 of
alveolar gas with that of gas in a tonometer equili-
brated with arterial blood taken at the same time
(Bohr 1891). In some instances the alveolar PO2 was
found to be as much as 30 mmHg below, and the
PCO2 as much as 20 mmHg above, the arterial blood
values. Bohr’s conclusion was: ‘In general, my exper-
iments have shown definitely that the lung tissue
plays an active part in gas exchange; therefore the
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function of the lung can be regarded as analogous to
that of the glands.’ Bohr referred to the secretion abil-
ity of the lung as its ‘specific function,’ and claimed
that the active secretion of oxygen and carbon diox-
ide by the lung could use large amounts of oxygen,
up to 60% of the total requirements of the body.

August Krogh was one of Bohr’s students and
assisted him in his experiments on gas secretion
from 1899 to 1908. However, Krogh gradually
became persuaded that passive diffusion rather than
active secretion could account for the experimental
data and in 1910 published a landmark paper on
this topic. Since Bohr was his major professor and
very jealous of the secretion theory, the introduc-
tory section of Krogh’s paper required an unusually
delicate touch. Part of it reads:

I shall be obliged in the following pages to
combat the views of my teacher Prof. Bohr
on certain essential points. . . . I wish here
not only to acknowledge the debt of grati-
tude which I, personally, owe to him, but also
to emphasize the fact . . . that the real progress,
made during the last twenty years in the
knowledge of the processes in the lungs, is
mainly due to his labours. . . .

The British physiologist J.S. Haldane visited
Bohr in Copenhagen and also became convinced 
of the secretion theory, at least as far as oxygen was
concerned. For example, in 1897 Haldane and
Lorraine Smith wrote: ‘The absorption of oxygen by
the lungs thus cannot be explained by diffusion
alone.’ Haldane argued that oxygen secretion would
be particularly beneficial at high altitudes, and in
order to test the hypothesis the Anglo-American
expedition to Pikes Peak was organized in 1911.
Arterial PO2 was calculated by an indirect method
following the inhalation of carbon monoxide, and
the results appeared to strongly support the secretion
hypothesis. However, the theory was also attacked by
Marie Krogh (wife of August) when she developed a
method for measuring the diffusing capacity of the
lung using small concentrations of carbon monox-
ide. Her results indicated that the normal lung was
capable of transferring very large amounts of oxygen
by passive diffusion even when the inspired PO2 was
greatly reduced.

Another physiologist who did not accept the
secretion story was Joseph Barcroft. He conducted

a heroic experiment on himself by living in a sealed
glass chamber filled with hypoxic gas for 6 days
(Barcroft et al. 1920). His left radial artery was
exposed ‘for an inch-and-a-half ’ and blood was
taken for measurements of oxygen saturation. There
was a ‘somewhat dramatic moment’ when the first
blood sample was drawn because it ‘looked dark’, an
observation which was believed to be inconsistent
with oxygen secretion. The conclusion was that dif-
fusion was the only mechanism necessary for oxygen
transfer across the blood-gas barrier during hypoxia.

Barcroft and his colleagues subsequently tested
the secretion hypothesis further on their expedition
to Cerro de Pasco (4330 m) in the Peruvian Andes
in 1921–22. The diffusing capacity of the lung for
carbon monoxide was measured on five members
of the expedition both at sea level and at Cerro de
Pasco, and only a small increase was found. Barcroft
therefore argued that the tendency for the arterial
oxygen saturation to fall during exercise at high
altitude could be explained by the failure of equili-
bration of PO2 between alveolar gas and pulmonary
capillary blood (Barcroft et al. 1923). This was one
of the first direct demonstrations of diffusion limi-
tation of oxygen at high altitude, a finding that has
been confirmed many times since.

It is remarkable that J. S. Haldane remained a
staunch supporter of oxygen secretion all his life.
In the second edition of his book Respiration, writ-
ten with J.G. Priestley and published in 1935, a year
before Haldane’s death, a whole chapter was devoted
to evidence for oxygen secretion (Haldane and
Priestley 1935). Haldane gradually shifted his posi-
tion as evidence mounted against the secretion
hypothesis. He initially thought that oxygen secre-
tion occurred under all conditions, but later
argued that it only became significant at high alti-
tude, and later still that it only occurred after a
period of acclimatization. His obsession with this
theory long after seemingly overwhelming evi-
dence had been provided against it was remarkable
in this great physiologist.

6.2 EFFECTS OF HYPERVENTILATION 
ON GAS EXCHANGE

The most important feature of pulmonary gas
exchange at high altitude is the increase in alveolar
ventilation and its consequences. The importance
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of hyperventilation is emphasized if we look at its
role at extreme altitude, for example on the summit
of Mount Everest. First we need to refer to two sim-
ple equations governing pulmonary gas exchange.
The first is the alveolar ventilation equation:

where V�A is alveolar ventilation, V�CO2 is the CO2

production, and PA,CO2 is the alveolar partial pres-
sure of carbon dioxide. This equation states that if
the rate of CO2 production is constant, the alveolar
ventilation and alveolar PCO2 are inversely related.
For example, if the alveolar ventilation is doubled,
the PCO2 is halved.

The second equation is the alveolar gas equation:

where PA,O2 and PA,CO2 are the alveolar partial pres-
sures of oxygen and carbon dioxide, respectively;
PI,O2 is the inspired partial pressure of oxygen; R is
the respiratory exchange ratio; and F is a correction
factor that is generally small and can be neglected.

At sea level the normal alveolar ventilation equa-
tion results in an alveolar PCO2 of about 40 mmHg.
If we insert this value into the alveolar gas equation,
assuming an inspired PO2 of 150 and a normal res-
piratory exchange ratio at rest of 0.8, the alveolar
PO2 is given by

Now suppose we apply this equation to a climber
on the summit of Mount Everest where the baro-
metric pressure is, say, 250 mmHg (see Fig. 2.2).
The PO2 of moist inspired gas is given by:

PI,O2 � 0.2904(PB �47)

where 0.2094 is the fractional concentration of oxy-
gen, PB is the barometric pressure, and 47 mmHg is
the water vapor partial pressure. This gives an
inspired PO2 of about 43 mmHg. If we now assume

that both the alveolar ventilation and the CO2

production of the climber at rest are unchanged
compared with sea level, his alveolar PCO2 is
40 mmHg. The alveolar gas equation then gives an
alveolar PO2 of

which of course is absurd. However, if the climber
now increases his alveolar ventilation fivefold thus
reducing his alveolar PCO2 to 8 mmHg, the alveolar
gas equation gives

While this value is very low, it is just sufficient to
maintain life. This simple calculation shows the
crucial importance of hyperventilation at high alti-
tude. The mechanism of the hyperventilation is
hypoxic stimulation of the peripheral chemorecep-
tors as discussed in Chapter 5.

6.3 ACUTE HYPOXIA COMPARED WITH
ACCLIMATIZATION

There is a striking difference between the degree of
hyperventilation that occurs when subjects are
exposed acutely to hypoxia on the one hand, and
when they are acclimatized to high altitude on the
other. One of the classical studies was performed
by Rahn and Otis (1949) and their original results
are shown in Fig. 6.1. The data on subjects exposed
acutely to high altitude (upper line) were obtained
using low pressure chambers. The data for the
acclimatized line come from a number of sources
including lowlanders who spent various periods at
a given altitude, and in some cases permanent resi-
dents at high altitudes.

It can be seen that with acute exposure to high
altitude there is typically no change in alveolar PCO2,
which implies no change in alveolar ventilation, up
to an altitude of about 12 000 ft or about 3600 m. By
contrast, acclimatized subjects show a fall in alveolar
PCO2 indicating an increase in alveolar ventilation
for any increase in altitude. Note that altitude itself
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is not shown explicitly on the graph but the inter-
section of the diagonal RQ lines with the lower hor-
izontal axis indicates the inspired PO2 which falls as
altitude increases.

In Fig. 6.2 the PO2 data are redrawn so that they
are now plotted against altitude. This plot shows
more clearly the relentless fall in alveolar PO2 with
increasing altitude for both acute exposure and full
acclimatization. However, acclimatization results
in an increase in ventilation which lowers the alve-
olar PCO2 and thus increases the alveolar PO2 at any
given altitude according to the alveolar gas equation

shown earlier. The altitudes can be read off the
horizontal axis and some important high altitude
sites are identified. The summit of Mauna Kea in
Hawaii at an altitude of 4200 m is the site of several
large telescopes and many astronomers are exposed
to this altitude. Additional telescopes are located
on the Chajnantor plateau in north Chile at an alti-
tude of 5050 m, and this will shortly be the site of
an extremely large radio telescope (Atacama Large
Millimeter Array). Other high altitude sites near
Chajnantor up to an altitude of 5800 m are being
considered for astronomy.
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Figure 6.1 Oxygen–carbon dioxide
diagram showing the alveolar gas
composition in subjects acutely
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line) and after acclimatization
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article). (From Rahn and Otis 1949.)
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come from the measurements shown in
Fig. 6.1 and there is considerable individual
variation. The altitudes of several
observatories where astronomers work are
also shown. Note that fully acclimatized
astronomers on the summit of Mauna Kea
(4200 m) have an alveolar PO2, and
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patients with chronic obstructive
pulmonary disease (COPD) at sea level.



Figure 6.2 emphasizes that in spite of the hyper-
ventilation that occurs at high altitude, severe alveo-
lar hypoxia and therefore arterial hypoxemia may
occur. As an example, astronomers on Mauna Kea,
even if they are fully acclimatized, have an alveolar
PO2 on the average less than 55 mmHg. Their arte-
rial PO2 will therefore be a little lower. Forster (1986)
reported that the mean arterial PO2 on the first day
at 4200 m was 42 mmHg rising to 44 mmHg on 
day 5. The severity of the hypoxemia is further indi-
cated by the fact that an arterial PO2 of 55 or less is
the criterion for continuous oxygen administration
at sea level if that degree of arterial hypoxemia is
caused by chronic obstructive pulmonary disease.
This emphasizes the severe hypoxemia that occurs
even in fully acclimatized subjects at these altitudes.
In fact astronomers at Mauna Kea never become
fully acclimatized because of the limited time they
spend there.

Figures 6.1 and 6.2 emphasize the advantages of
acclimatization in raising the alveolar PO2 at high
altitude. However, it is interesting that permanent
residents of high altitude often have lower alveolar
PO2 values and higher alveolar PCO2 values than
fully acclimatized lowlanders. This is discussed in
section 5.15.1.

6.4 PHYSIOLOGY OF DIFFUSION 
IN THE LUNG

6.4.1 Fick’s law of diffusion

Fick’s law of diffusion states that the rate of transfer
of a gas through a sheet of tissue is proportional to
the area of the tissue and to the difference in gas par-
tial pressure between the two sides, and inversely
proportional to the tissue thickness. The area of
the blood-gas barrier in the human lung is some
50–100 m2, and the thickness is less than 0.3 mm in
many places, so the dimensions of the barrier are
well suited to diffusion.

In addition, the rate of gas transfer is propor-
tional to a diffusion constant which depends on the
properties of the tissue and the particular gas. The
constant is proportional to the solubility of the gas
and inversely proportional to the square root of its
molecular weight. This means that carbon dioxide
diffuses about 20 times more rapidly than oxygen
through tissue sheets since its solubility is about 

24 times greater at 37°C and the molecular weights
of carbon dioxide and oxygen are in the ratio of
1.375 to 1.

Fick’s law can be written as

where V� is volume of gas per unit time, A is area, T
is thickness, D is the diffusion constant, and P1 and
P2 denote the two partial pressures.

For a complex structure such as the blood-gas
barrier of the human lung, it is not possible to
measure the area and thickness during life. Instead,
we combine A, T and D and rewrite the equation as

where DL is the diffusing capacity of the lung.
The gas of choice for measuring the diffusing

capacity of the lung is carbon monoxide (at very
low concentrations) because the avidity of hemo-
globin for this gas is so great that the partial pres-
sure in the capillary blood is extremely small (except
in smokers) and thus the uptake of the gas is solely
limited by the diffusion properties of the blood-gas
barrier. (The complication caused by finite reac-
tion rates is considered below.) Thus if we rewrite
the above equation as

where P1 and P2 are the partial pressures of alveolar
gas and capillary blood respectively, we can set P2

to zero. This leads to the equation for measuring
the diffusing capacity of the lung for carbon
monoxide:

In words, the diffusing capacity of the lung for car-
bon monoxide is the volume of carbon monoxide
transferred in mL min�l mmHg�1 of alveolar par-
tial pressure.
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6.4.2 Reaction rates with hemoglobin

Early workers assumed that all of the resistance to
the transfer of oxygen from the alveolar gas into the
capillary blood could be attributed to the diffusion
process within the blood-gas barrier. However, when
the rates of reaction of oxygen with hemoglobin
were measured using a rapid reaction apparatus, it
became clear that the rate of combination with
hemoglobin might also be a limiting factor. If oxy-
gen is added to deoxygenated blood, the formation
of oxyhemoglobin is quite fast, being well on the
way to completion in 0.2 s. However, oxygenation
occurs so rapidly in the pulmonary capillary that
even this rapid reaction significantly delays the load-
ing of oxygen by the red cells. Thus the uptake of
oxygen can be regarded as occurring in two stages:

● Diffusion of oxygen through the blood-gas
barrier (including the plasma and red cell
interior)

● Reaction of the oxygen with hemoglobin 
(Fig. 6.3) 

In fact it is possible to sum the two resulting resist-
ances to produce an overall resistance (Roughton
and Forster 1957).

We saw above that the diffusing capacity of the
lung is defined as

that is, the flow of gas divided by the pressure dif-
ference. It follows that the inverse of DL is pressure
difference divided by flow and is therefore analo-
gous to electrical resistance. Consequently the
resistance of the blood-gas barrier in Fig. 6.3 is
shown as 1/DM where M denotes membrane. The
rate of reaction of oxygen with hemoglobin can be
described by θ, which gives the rate in mL min�1 of
oxygen which combine with 1 mL blood mmHg�1

PO2. This is analogous to the ‘diffusing capacity’ of
1 mL of blood and, when multiplied by the volume
of capillary blood (Vc), gives the effective ‘diffusing
capacity’ of the rate of reaction of oxygen with
hemoglobin. Again its inverse, 1/(θVc), describes
the resistance of this reaction.

It is possible to add the resistances offered by
the membrane and the blood to obtain the total
resistance. Thus the complete equation is

In practice the resistances offered by the mem-
brane and blood components are approximately
equal in the normal lung.

6.4.3 Rate of oxygen uptake along the
pulmonary capillary

By using Fick’s law of diffusion, and data on reac-
tion rates of oxygen with hemoglobin, it is possible
to calculate the time course of PO2 along the pul-
monary capillary as the oxygen is loaded by the
blood. The application of Fick’s law to this situa-
tion is not trivial because of the chemical bond
which forms between oxygen and hemoglobin.
This means that the relationship between PO2 and
oxygen concentration in the blood is nonlinear,
as shown by the oxygen dissociation curve. This
problem was first solved by Bohr (1909) and the
numerical integration procedure which he devel-
oped is known as the Bohr integration. A further
complication occurs because, as oxygen is being
taken up, carbon dioxide is given off, and this alters
the position of the oxygen dissociation curve.
A full treatment of this latter process should take into
account not only the rate of diffusion of carbon
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Figure 6.3 The measured diffusing capacity of the lung
(DL) is made up of two components, one due to the
diffusion process itself (DM), and one attributable to the
time taken for oxygen to react with hemoglobin (θVC).



dioxide through the blood-gas barrier, but also the
rates of reaction of carbon dioxide in blood. Since
not all the rate constants are known under all the
required conditions, some assumptions and sim-
plifications are necessary.

Figure 6.4 shows a typical time course calculated
for the lung of a resting subject at sea level (Wagner
and West 1972, West and Wagner 1980). The diffus-
ing capacity of the blood-gas barrier itself (DM) was
assumed to be 40 mL min� 1mmHg�1, and the time
spent by the blood in the pulmonary capillary was
taken as 0.75 s (Roughton 1945). Other assumptions
include a resting cardiac output of 6 L min�1 and
oxygen uptake of 300 mL min�1.

Note that the blood comes into the lung with a
PO2 of 40 mmHg and the PO2 rapidly rises to
almost the alveolar PO2 level by the time the blood
has spent only about one-third of its available time
in the capillary. The rate of rise of PO2 in the latter
two-thirds of the capillary is extremely slow, and
there is a negligible PO2 difference between alveolar
gas and end-capillary blood.

This time course can be contrasted with that
calculated for a resting climber breathing air on the

summit of Mount Everest (Fig. 6.5). Again, the
membrane diffusing capacity of the blood-gas bar-
rier was assumed to be 40 mL min�l mmHg�1 based
on measurements made on acclimatized lowlanders
at an altitude of 5800 m (West 1962a). The oxygen
uptake was taken to be 350 mL min�1, and other
blood and alveolar gas variables were taken from
measurements made on the American Medical
Research Expedition to Everest (West et al. 1983b).
The time spent by the blood in the pulmonary cap-
illary was assumed to be unchanged at 0.75 s
because this is determined by the ratio of capillary
blood volume to cardiac output (Roughton 1945).
The capillary blood volume was shown to be
unchanged at 5800 m (West 1962a), and the cardiac
output is also the same as at sea level according to
the measurements of Pugh (1964c) (section 7.3).

It can be seen that the oxygen profile is very dif-
ferent at this extreme altitude. The blood comes into
the lung with a PO2 of only about 21 mmHg, and
the PO2 rises very slowly along the pulmonary cap-
illary, reaching a value of only about 28 mmHg at
the end. Thus there is a large PO2 difference of some
7 mmHg between alveolar gas and capillary blood.
This indicates marked diffusion limitation of oxy-
gen transfer. It can be shown that this diffusion
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Figure 6.4 Calculated time course for PO2 in the resting
human pulmonary capillary at sea level. Note that there is
ample time for equilibration of the PO2 between alveolar
gas and end-capillary blood. V�O2 300 mL min�1; DM,O2

40 mL min�1 mmHg�1. (From West and Wagner 1980.)

Figure 6.5 Calculated time course of the PO2 along the
pulmonary capillary for a climber at rest on the summit
of Mount Everest. Note that there is considerable
diffusion limitation of oxygen uptake with a large
alveolar end-capillary PO2 difference. PB 253 mmHg; V�O2

350 mL min�1 (From West et al. 1983b.)



limitation becomes more striking as the oxygen
consumption is increased by exercise.

The very different time courses for PO2 shown
in Figs 6.4 and 6.5 represent the extremes between
sea level and the highest point on Earth for resting
humans. At intermediate altitudes, the difference
between alveolar and end-capillary PO2 will be
considerably reduced at rest and may be negligibly
small. However, exercise at high altitude will always
tend to cause diffusion limitation of oxygen trans-
fer as originally demonstrated by Barcroft and 
colleagues (1923).

Whether carbon dioxide elimination is ever
limited by diffusion is still unknown. This is partly
because some of the reaction rates of carbon diox-
ide in blood remain uncertain. Many physiologists
believe that some diffusion limitation of carbon
dioxide output may occur during heavy exercise.

6.4.4 Diffusion and perfusion limitation
of oxygen transfer

It is clear from Fig. 6.4 that a resting subject at sea
level has no diffusion limitation of oxygen transfer
because there is no PO2 difference between alveolar
gas and end-capillary blood. Under these conditions,
the amount of oxygen which is taken up by the blood
is determined by the pulmonary blood flow. This
means that oxygen uptake is perfusion limited.

By contrast, Fig. 6.5 shows a situation where
oxygen uptake is, in part, diffusion limited. This is
indicated by the large PO2 difference between alveo-
lar gas and end-capillary blood. However, under
these conditions, oxygen uptake is also partly perfu-
sion limited because increasing pulmonary blood
flow will increase oxygen uptake.

At first sight the substantial diffusion limitation
of oxygen transfer shown in Fig. 6.4 might be 
attributed to the low alveolar PO2, and therefore the
smaller driving gradient for oxygen diffusion.
However, this is not correct. The conditions under
which diffusion and perfusion limitation occur have
been clarified by Piiper and Scheid (1980). They used
a simplified model with several assumptions includ-
ing linearity of the oxygen dissociation curve in the
working range. This situation is approached during
conditions of severe hypoxia when the lung is oper-
ating very low on the oxygen dissociation curve.

Using this simplified model, Piiper and Scheid
showed that the total transfer rate M� of a gas is
given by the expression

where PA and PV are the partial pressures of oxygen
in the alveolar gas and venous blood respectively,
Q
.

is cardiac output, D is the diffusing capacity, and
β is the slope of the oxygen dissociation curve
(assumed to be linear). The total conductance, G,
for gas exchange between alveolar gas and capillary
blood may be defined as the transfer rate divided
by the total effective partial pressure difference 
(PA � PV), or

This expression clarifies the factors responsible
for diffusion and perfusion limitation. The equa-
tion shows that if D is very much larger than Q

.
β,

the expression inside the large brackets tends to 1,
and gas transfer is limited by perfusion only. In this
case, the (perfusive) conductance is given by
G � Q

.
β. The relative difference between the con-

ductance without diffusion limitation and the
actual conductance is an index of diffusion limita-
tion, Ldiff, as shown in Fig. 6.6.

By contrast, diffusion limitation occurs if Q
.
β

is so large that it greatly exceeds D, or to put it in
another way, D becomes relatively very small. In this
case the (diffusive) conductance is given by G � D.
The relative difference between the conductance
without perfusion limitation and the actual conduc-
tance is an index of perfusion limitation. Zero on
the vertical axis of Fig. 6.6 indicates complete perfu-
sion limitation.

Figure 6.6 shows that oxygen uptake is entirely
perfusion limited in hyperoxia (extreme right of dia-
gram) and that this is also true for the uptake of the
inert gases (those that do not combine with hemo-
globin) nitrogen and sulfur hexafluoride. However,
oxygen transfer during hypoxia becomes diffusion
limited to some extent (middle of diagram) and this
is particularly the case during exercise when oxygen
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consumption is greatly increased. For carbon monox-
ide, gas transfer is essentially diffusion limited under
all conditions (left of diagram).

The above analysis emphasizes that an important
factor leading to diffusion limitation is an increase
in β; that is, the slope of the blood-gas dissociation
curve. This is the reason why the uptake of carbon
monoxide is entirely diffusion limited; the slope 
of its dissociation curve is extremely large. An
increased slope of the oxygen dissociation curve
tending to diffusion limitation occurs for three
reasons at high altitude:

● The lung is working on a low part of the
oxygen dissociation curve which is very steep.

● The polycythemia of high altitude increases the
change in blood oxygen concentration per unit
change in PO2.

● The left shift of the curve caused by the
respiratory alkalosis increases its slope. In fact,
at extreme altitude, oxygen begins to resemble
carbon monoxide to some extent.

For readers who prefer an intuitive explanation
to the more formal analysis given above, the essen-
tial conclusion can be stated as follows. Diffusion
limitation is likely when the ‘effective solubility’ of
the gas in pulmonary capillary blood (that is, the
slope of the dissociation curve) greatly exceeds the
solubility of the gas in the tissues of the blood-gas

barrier. This condition is met for carbon monoxide
for which blood has an enormous avidity, and is
approached for oxygen at high altitude because of
the steepness of its dissociation curve at low PO2

values, and the increased blood hemoglobin 
concentration.

An analogy is the rate at which sheep can enter a
field through a gate. If the gate is narrow but the
field is large, the number of sheep that can enter in 
a given time is limited by the size of the gate.
However, if both the gate and the field are small (or
both are big) the number of sheep is limited by the
size of the field.

6.4.5 Oxygen affinity of hemoglobin and
diffusion limitation

It can be shown that increasing the affinity of hemo-
globin for oxygen expedites the loading of oxygen in
the pulmonary capillary under conditions of diffu-
sion limitation at high altitude. The oxygen affinity
of hemoglobin is conveniently expressed by the P50,
that is the PO2 for 50% saturation of the hemoglo-
bin. The normal value is about 27 mmHg.

Numerical analysis shows that increasing the
affinity (leftward shift of the oxygen dissociation
curve) results in more rapid equilibration between
the PO2 of alveolar gas and pulmonary capillary
blood. A simplified way of looking at this is that the
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Figure 6.6 Conditions under which diffusion limitation of gas transfer in the lung occurs. Ldiff is a measure of diffusion
limitation; when its value is 1.0, gas transfer is entirely diffusion limited. It can be seen that Ldiff is greatest for carbon
monoxide, and least for oxygen under hyperoxic conditions. D, diffusing capacity; Q

.
, pulmonary blood flow; β, solubility

of the gas in blood, or slope of its dissociation curve. See text for details. (Modified from Piiper and Scheid 1980.)



left-shifted curve keeps the blood PO2 low in the
initial stages of oxygen loading and thus maintains
a large PO2 difference between alveolar gas and cap-
illary blood during much of the oxygenation time.
This increased PO2 difference therefore maintains
the driving pressure and accelerates loading.

However, a left-shifted oxygen dissociation curve
interferes with the unloading of oxygen in periph-
eral capillaries because, for a given PO2 in venous
blood (required to maintain the diffusion head of
pressure to the tissues), the blood unloads less oxy-
gen. It is therefore not intuitively obvious whether
the advantages of a left-shifted curve in assisting
the loading of oxygen in the pulmonary capillaries
outweigh the disadvantages of unloading the oxy-
gen in the peripheral capillaries.

Several pieces of evidence suggest that a high
oxygen affinity of hemoglobin is beneficial under
hypoxic conditions. For example, the llama and
vicuna, animals native to the Peruvian highlands,
have left-shifted oxygen dissociation curves (Fig.
6.7), as do some burrowing animals whose envi-
ronment becomes oxygen depleted (Hall et al.
1936). The human fetus, which is believed to have
arterial PO2 in the descending aorta of less than

25 mmHg, has a greatly increased oxygen affinity by
virtue of its fetal hemoglobin which has a P50 at
pH 7.4 of about 17 mmHg. Experimental studies
have shown that rats with artificially left-shifted
oxygen dissociation curves tolerate severe acute
hypoxia better than rats with normal dissociation
curves (Eaton et al. 1974). Again, Hebbel and his
colleagues (1978) described a family in which two of
the four children had an abnormal hemoglobin
(Andrew-Minneapolis) with a P50 of 17 mmHg.
These two siblings had a higher V

.
O2,max at an altitude

of 3100 m than the two with normal hemoglobin.
Numerical modeling gives some basis for these

findings by showing that the increased oxygen
affinity of the hemoglobin improves oxygenation
in the pulmonary capillaries under conditions of
diffusion limitation more than it interferes with
the release of oxygen by peripheral capillaries
(Bencowitz et al. 1982). Table 6.1 lists some of the
strategies used by animals (including humans) to
increase the oxygen affinity of their hemoglobin
under hypoxic conditions.

Climbers at very high altitude tend to have an
increased arterial blood pH, which causes a leftward
shift of the oxygen dissociation curve. This is caused
by a respiratory alkalosis which is only partially com-
pensated and was the case for members of the 1981
American Medical Research Expedition to Everest
who spent several weeks at an altitude of 6300 m.
The mean arterial pH of three subjects was 7.47
(Winslow et al. 1984), which is well above the 
normal range.
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Figure 6.7 Oxygen dissociation curves for blood of
llama (circle) and vicuna (triangle) compared with other
mammals. The left-shifted curve for these high altitude
native animals indicates an increased affinity of the
hemoglobin for oxygen which assists in oxygen loading
along the pulmonary capillaries. (From Hall et al. 1936.)

Table 6.1 Strategies for increasing oxygen affinity in
chronic hypoxia

Strategy Subject

Different sequence in Human fetus, 
globin chain bar-headed goose, toadfish
Decrease in red cell Fetus of dog, horse, pig
2,3-DPG
Decrease in ATP Trout, eel
Different hemoglobin, Tadpole
small Bohr effect
Mutant hemoglobin Family in Minnesota
(Andrew-Minneapolis)
Respiratory alkalosis Climber at extreme altitude



At extreme altitudes, there is evidence of
extraordinary degrees of respiratory alkalosis. For
example, when Pizzo took alveolar gas samples on
the summit of Mount Everest, there is good evi-
dence that his arterial pH exceeded 7.7. This value
is based on a measured alveolar PCO2 of 7.5 mmHg,
and a base excess measured in venous blood taken
on the following morning of �5.9 mmol L�1. This
extreme respiratory alkalosis caused a marked left-
ward shift of the oxygen dissociation curve with a
calculated in vivo P50 of about 19 mmHg. Thus a
climber on the summit of Mount Everest develops
conditions rather similar to those in the human
fetus where the arterial PO2 is less than 30 mmHg
and the P50 is less than 20 mmHg.

6.5 PULMONARY DIFFUSING CAPACITY AT
HIGH ALTITUDE

6.5.1 Acclimatized lowlanders

Barcroft and his colleagues measured the diffusing
capacity for carbon monoxide in five members of
the expedition to Cerro de Pasco in the Peruvian
Andes in 1921–2. They used the single breath
method which had recently been described by Krogh
(1915) and the measurements were made at rest.
There was no consistent change from the sea level
values though the investigators believed that there
was a slight tendency for the diffusing capacity to
rise. They pointed out, however, that this change
would not be an important element in acclimatiza-
tion (Barcroft et al. 1923). Subsequent investigators
have confirmed the absence of change or found only
a very small (less than 10%) increase in diffusing
capacity for carbon monoxide in resting subjects
after periods of up to several months at altitudes of
up to 4560 m (Kreuzer and van Lookeren Campagne
1965, DeGraff et al. 1970, Guleria et al. 1971,
Dempsey et al. 1978).

Measurements on exercising subjects at altitudes
up to 5800 m showed that after 7–10 weeks of
acclimatization, there was an increase in pulmonary
diffusing capacity of 15–20% (Fig. 6.8). However, this
small change could be wholly accounted for by the
increased rate of reaction of carbon monoxide with
hemoglobin due to hypoxia and by the increased
blood hemoglobin concentration (West 1962a).

The mechanism of this increase can be explained
by reference to Fig. 6.3. The ‘resistance’ attributable
to the rate of combination of oxygen with hemoglo-
bin is given by 1/(θVc). It has been found experi-
mentally that the value of θ varies depending on 
the ambient PO2. At low PO2 values, θ is increased 
and therefore the resistance to oxygen transfer is
decreased. An additional factor is the increased
blood hemoglobin concentration which, for a given
value of Vc (capillary blood volume), increases the
amount of hemoglobin present. Thus these factors
completely accounted for the small observed
increase in diffusing capacity for carbon monoxide
at high altitude and indicated that there was no
change in the diffusion properties of the lung itself
after 7–10 weeks of acclimatization at an altitude of
5800 m.

Acute mountain sickness (AMS) has been shown
to reduce the diffusing capacity for carbon monox-
ide at high altitude (Ge et al. 1997). The measure-
ments were made 2 days after arrival at 4700 m. The
subjects with AMS also showed a lower vital capacity
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Figure 6.8 Diffusing capacities (DL) in mL min�1

mmHg�1 measured at sea level (London), 15 300 ft
(4700 m) and 19 000 ft (5800 m) in acclimatized
lowlanders exercising at: (a) 300 kg min�1 and (b) 900 kg
min�1. Note the moderate increase in diffusing capacity
of carbon monoxide with altitude. (From West 1962.)



and arterial PO2, and an increased alveolar–arterial
PO2 gradient (based on arterialized capillary blood)
than subjects without AMS. The mechanism was
thought to be subclinical pulmonary edema. In
another study subjects with a history of high altitude
pulmonary edema (HAPE) were found to have a
lower diffusing capacity for carbon monoxide during
hypoxia and exercise than a HAPE-resistant group
(Steinacker et al. 1998). The HAPE-susceptible group
also had smaller increases in stroke volume, cardiac
output and ventilation during exercise. Enhanced
pulmonary vasoconstriction was suggested as the
mechanism of the lower diffusing capacity.

Interestingly, the diffusing capacity measured
during submaximal exercise was reduced following
a Himalayan expedition to 4900 m and above com-
pared with measurements made prior to the expe-
dition (Steinacker et al. 1996). The fall in diffusing
capacity was about 14% and this was accompanied
by a reduction in cardiac index of about 16% and
V
.
O2,max of about 5%. A possible explanation was

the wasting of skeletal muscle which resulted in a
reduced cardiac output and therefore diffusing
capacity on exercise.

6.5.2 Highlanders

Several studies have shown that people who live per-
manently at high altitude (high altitude natives or
highlanders) have pulmonary diffusing capacities
that are about 20–50% higher than the predicted val-
ues, or than in lowlander controls (Fig. 6.9). One of
the first studies was by Velásquez (1956) who studied
12 native residents of Morococha (altitude 4550 m)
and showed that the diffusing capacity for oxygen
was consistently higher than in similar subjects at sea
level. Remmers and Mithoefer (1969) found that
Andean Indians at an altitude of 3700 m had a diffus-
ing capacity for carbon monoxide which was some
50% higher than predicted. High diffusing capacities
have also been reported in Caucasians living at an
altitude of 3100 m (DeGraff et al. 1970, Dempsey 
et al. 1978). The increased diffusing capacities were
demonstrated both during rest and exercise.

A potential problem in such studies is the
appropriateness of the predicted values for diffus-
ing capacity. For example, in the study by Remmers
and Mithoefer (1969), predicted values were
obtained from Caucasian North Americans and
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Figure 6.9 Diffusing capacities for carbon monoxide as obtained by the single breath method (a) and steady-state
method (b) in three groups of subjects; lowlanders at 250 m (open circle and half-filled circle), lowlanders sojourning
at 3100 m (closed circle, triangle and square indicate different periods at this altitude), and native highlanders at
3100 m. The broken line indicates the measured data for highlanders; the continuous line shows the results after
correction for 1/θ. All the measurements are on white people, the 3100 m data being from Leadville, Colorado. Note
the higher diffusing capacities of the highlanders both at rest and on exercise. (From Dempsey et al. 1971.)



were applied to the South American high altitude
Indian population. This may introduce errors
because of ethnic differences in body build.
However, in other studies such as that by Dempsey
et al. (1971), diffusing capacities were compared
between lowlanders and highlanders in similar 
ethnic groups (Fig. 6.9).

The increased diffusing capacities can presum-
ably be explained by the larger lungs which result
in an increased alveolar surface area and capillary
blood volume. Barcroft et al. (1923) commented
on the remarkable chest development of the
Peruvian natives in Cerro de Pasco and these early
investigators made chest radiographs to confirm
this. The radiographs showed that the ratio of
chest width to height was greater in the high alti-
tude natives than in the Anglo-Saxon lowlanders
(expedition members). Children who are raised 

at altitudes of 3000 m have been shown to have
increased lung volumes and diffusing capacities
(de Meer et al. 1995). It has been shown experimen-
tally that animals exposed to low oxygen partial
pressures during their active growth phase develop
larger lungs and bigger diffusing capacities than ani-
mals reared in a normoxic environment (Fig. 6.10)
(Bartlett and Remmers 1971, Burri and Weibel
1971). Beagles raised at an altitude of 3100 m had
higher diffusing capacities and lung tissue volume
than a control group at sea level (Johnson et al.
1985). In a subsequent study on foxhounds it was
shown that exposure of pups to 3800 m for only 
5 months resulted in higher diffusing capacities in
the adults (McDonough et al. 2006). These studies
provide an adequate explanation for the observed
high diffusing capacities, and would also account
for the persistence of an increased diffusing capacity
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Figure 6.10 (a) Increase in lung
volume Vl from day 23 to day 44 of
life in three groups of rats exposed to
an altitude of 3450 m (JJ), sea level
(cross-hatched), and 40% oxygen at
sea level (OC). Note that lung volume
increased most in the hypoxic and
least in the hyperoxic animals. (b)
Pulmonary diffusing capacity
estimated morphometrically in the
same three groups of animals at the
44th day. Note that the diffusing
capacities reflected the changes in
lung volume. C shows a control
group. (From Burri and Weibel 1971.)



for carbon monoxide in highlanders after a pro-
longed period spent at sea level as observed by
Guleria and his co-workers (1971). However,
Lechner et al. (1982) presented evidence that the
lungs only grow faster in a hypoxic environment
and the end result is the same lung volume as in
normoxic animals. This discrepancy is unresolved.

The impact of pregnancy on diffusing capacity
for carbon monoxide was measured in pregnant
and nonpregnant Peruvian women by McAuliffe 
et al. (2003). One group lived at sea level and the
other at 4300 m. The diffusing capacities were cor-
rected for the hemoglobin concentration. At sea
level, the diffusing capacities of pregnant and non-
pregnant women were similar though smaller than
those of the women at high altitude consistent with
the results discussed earlier.

6.6 DIFFUSION LIMITATION OF OXYGEN
TRANSFER AT HIGH ALTITUDE

The main reason for the importance of pulmonary
diffusion at high altitude is that it may be a limiting
factor in oxygen uptake. A considerable amount of
evidence now supports this.

One of the first groups to suggest diffusion limi-
tation of oxygen uptake at altitude was Barcroft and
his colleagues (1923). They concluded from their
measurements of pulmonary diffusing capacity for
carbon monoxide at an altitude of 4300 m that PO2

equilibration between alveolar gas and the blood at
the end of the capillary would not be achieved,
especially on exercise. Subsequently, Houston and
Riley (1947) measured alveolar–arterial PO2 differ-
ences in four subjects who spent 32 days in a low
pressure chamber in which the pressure was gradu-
ally reduced from 760 to 320 mmHg (Operation
Everest I). Measurements were made during rest
and during relatively low levels of exercise (oxygen
uptakes less than 1200 mLmin�1 at simulated high
altitude). During exercise, the alveolar–arterial PO2

difference was increased to about 10 mmHg, which
they correctly ascribed to diffusion limitation.

During the Silver Hut Expedition of 1960–61,
measurements of arterial oxygen saturation by 
ear oximetry were made on five subjects who 
lived for 4 months at an altitude of 5800 m
(PB � 380 mmHg) in a prefabricated hut. The aver-
age arterial oxygen saturation at rest was 67% and

this fell at work levels of 300 and 900 kg m min�1 to
63% and 56%, respectively (West et al. 1962). The
progressive fall in arterial oxygen saturation as the
work level was raised occurred in the face of an
increasing alveolar PO2 and was strong evidence for
diffusion limitation of oxygen transfer. Alveolar–
arterial differences were calculated and nine meas-
urements at the maximal exercise level gave a mean
PO2 difference of 26 mmHg with a standard devia-
tion of 4 mmHg. Calculations based on the Bohr
integration procedure showed that the results were
consistent with a maximum pulmonary diffusing
capacity for oxygen of about 60 mL min�l mmHg�1.

Further evidence for diffusion limitation of
oxygen transfer during exercise at very high alti-
tudes was obtained on the 1981 American Medical
Research Expedition to Everest. Fifteen subjects
spent up to 4 weeks at an altitude of 6300 m
(PB � 350 mmHg) and arterial oxygen saturation
was measured by oximeter at rest and during
increasing levels of work (Fig. 6.11). Again there
was a progressive fall in arterial oxygen saturation
as the work level was increased from rest to 1200 kg
min�1, equivalent to an oxygen consumption of
about 2.3 L min�l. The calculated alveolar–arterial
PO2 difference at this highest work level was
21 mmHg (West et al. 1983c).
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Figure 6.11 Arterial oxygen saturation as measured by
ear oximetry plotted against work rate at sea level and
6300 m altitude. The two lower lines were obtained with
subjects breathing 16% and 14% oxygen at 6300 m.
(From West et al. 1983c.)



Figure 6.11 also shows that additional measure-
ments were made with subjects breathing 16% and
14% oxygen at this very high altitude. The latter
gave an inspired PO2 of 42 mmHg, equivalent to that
encountered by a climber breathing air on the sum-
mit of Mount Everest. Note the very abrupt fall in
arterial oxygen saturation as work rate was increased
at this highest altitude on Earth. Two subjects per-
formed maximum exercise while breathing 14%
oxygen and in one of them the oximeter reading fell
to less than 10% oxygen saturation at one point dur-
ing the experiment! Although the calibration of the
oximeter at such values is unreliable, the actual satu-
ration must have been extremely low.

6.7 VENTILATION/PERFUSION
INEQUALITY

Ventilation/perfusion inequality is a major cause 
of impaired gas exchange in lung diseases at sea 
level such as chronic obstructive pulmonary disease,
interstitial lung disease and acute respiratory failure.
At high altitude, ventilation/perfusion inequality
also becomes important in the presence of lung dis-
ease caused, for example, by high altitude pul-
monary edema or pulmonary thromboembolism.

In the absence of obvious lung disease ventila-
tion/perfusion inequality generally plays a minor
role at high altitude. In fact there is some evidence
that the topographical inequality of ventilation/per-
fusion ratios is actually improved by ascent. The rea-
son is that the increase in pulmonary artery pressure
caused by hypoxic pulmonary vasoconstriction
causes a more uniform distribution of blood flow in
the lung (Dawson 1972) and, other things being
equal, this will improve the relationships between
ventilation and blood flow. However, the degree of
ventilation/perfusion inequality in the normal lung
caused by the topographical differences of ventila-
tion and blood flow is so small that this must be a
minor effect.

There is evidence that ventilation/perfusion
inequality can develop at extreme altitude espe-
cially on exercise. These measurements were made
by Wagner and his colleagues in the simulated
ascent of Mount Everest (Operation Everest II).
The measurements of ventilation/perfusion inequal-
ity were made using the multiple inert gas elimi-
nation technique (Wagner et al. 1974). Inert gas

exchange is not diffusion-limited, even during maxi-
mal exercise.

Figure 6.12 shows the increase in ventilation/
perfusion inequality caused both by increasing alti-
tude and increasing work level in the 40-day low
pressure chamber experiment (Wagner et al. 1987).
The vertical scale shows the mean log standard
deviation of the blood flow distribution which is
one measure of ventilation/perfusion inequality. It
can be seen that this index was about 0.5 during rest
at sea level but increased slightly when the oxygen
consumption was raised to over 3 L min�1 during
exercise at sea level. At very high altitude, where the
barometric pressure was 347 mmHg, the resting
standard deviation rose to approximately 0.9 and 
it increased further to over 1.5 with exercise. The
explanation of these intriguing data is uncertain
but may be subclinical pulmonary edema. There
was also evidence that rapid ascent was more likely
to result in ventilation/perfusion inequality than
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Figure 6.12 Relationship between the degree of
ventilation/perfusion inequality in the lung and oxygen
uptake in subjects during a simulated ascent of Mount
Everest in a low pressure chamber (Operation Everest II).
The ordinate shows the log SD of blood flow which is a
measure of ventilation/perfusion inequality. Note that
both a reduction of barometric pressure (PB, measured
in mmHg) and increase in work rate tended to increase
the degree of ventilation/perfusion inequality. (From
Wagner et al. 1987.)



slow ascent, suggesting that inadequate acclimati-
zation may have been an important factor.

Using these independent measurements of the
amount of ventilation/perfusion inequality pres-
ent, it was possible to separate the contribution 
of diffusion limitation and ventilation/perfusion
inequality to the observed increase of the alveo-
lar–arterial PO2 difference at high altitude. The
results are shown in Fig. 6.13. The arterial PO2 was
directly measured on arterial blood samples. It can
be seen that the measured alveolar–arterial PO2 dif-
ference increased to a mean of about 13 mmHg
during maximal exercise at a barometric pressure
of 347 mmHg where the oxygen consumption was
a little over 2 L min�1. At higher simulated alti-
tudes, the maximum alveolar–arterial PO2 differ-
ences were smaller. This can be explained by the
smaller maximum oxygen uptakes, and the fact that
the subjects were operating on the lower, steeper
region of the oxygen dissociation curve.

Also shown in Fig. 6.13 are the predicted alveolar–
arterial PO2 differences for the degree of ventila-
tion/perfusion inequality measured at the same
time by means of the multiple inert gas elimina-
tion technique. These predicted PO2 differences
decreased as the altitude increased despite the
broadening of the distributions of ventilation/
perfusion ratios as shown in Fig. 6.11. Again, the
reason is that the PO2 values are lower on the curvi-
linear oxygen dissociation curve. The data allow
the total alveolar–arterial PO2 difference to be
divided into two components, one caused by venti-
lation/perfusion inequality, and the rest presum-
ably attributable to diffusion limitation. The
results show that, at sea level, essentially all of the
alveolar–arterial PO2 difference was attributable to
ventilation/perfusion inequality up to an oxygen
consumption of nearly 3 L min�l. Above that high
exercise level, some diffusion limitation apparently
occurred. By contrast, at a barometric pressure of
429 mmHg, the measured alveolar–arterial PO2 dif-
ference exceeded that predicted from the amount of
ventilation/perfusion inequality when the oxygen
uptake was above about 1 L min�l. This was also true
at a barometric pressure of 347 mmHg. At the higher
simulated altitudes, with barometric pressures of
282 and 240 mmHg, almost all of the observed 
alveolar–arterial PO2 difference during exercise could
be ascribed to diffusion limitation. These elegant
studies go a long way towards elucidating the role
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Figure 6.13 Relationship between alveolar–arterial PO2

difference and the oxygen uptake in Operation Everest II
(compare Fig. 6.12). The predicted difference refers to
that calculated from the measured amount of
ventilation/perfusion inequality. Note that, at the
highest altitudes, the measured differences considerably
exceeded the predicted values, indicating diffusion
limitation of oxygen uptake. For the measurements at
240 mmHg, the subjects breathed an oxygen mixture to
give an inspired PO2 of 43 mmHg. (From Wagner et al.
1987.)



of diffusion in the hypoxemia of high altitude dur-
ing exercise.

6.8 DIFFUSION IN THE PLACENTA AT
HIGH ALTITUDE

The fetus derives its oxygen via the placenta rather
than the lung. Gas exchange in the placenta is much
less efficient than in the lung and, for example, the
PO2 in the descending aorta of the human fetus at
sea level is less than 25 mmHg. The fetus must be
even more hypoxic at high altitude and it is known
that birth weight is reduced at high altitude, and
that smaller birth weights at high altitude are asso-
ciated with increased infant morbidity and mortal-
ity (Lichty et al. 1957, Moore et al. 1998a).

An interesting question is whether the diffusion
properties of the placenta are improved at high alti-
tude, just as the diffusing capacity in high altitude
natives is apparently raised. There is some evidence
for this. Reshetnikova et al. (1994) examined 10 nor-
mal term placentas from women in Kyrghyzstan up
to altitudes of 2800 m and found that there was an

increase in capillary volume, and that the harmonic
mean thickness of the maternal–fetal barrier fell
from 6.9 µm in controls to 4.8 µm at high altitude.
They calculated that the morphometric diffusing
capacity of the villous membrane for oxygen was
significantly increased, by about 80%. Zhang et al.
(2002) reported that in human placentas at high
altitude, the small blood vessels were dilated and
were less frequently associated with perivascular
cells than in an ethnically matched lowland popula-
tion. Other evidence of structural differences at high
altitude was obtained by Tissot van Patot and col-
leagues (2003) who showed that fetal capillary den-
sity increased at 3100 m compared with 1600 m.
However, Mayhew (1991) found somewhat differ-
ent results in placentas from populations living at
3600 m compared with 400 m altitude in Bolivia.
Although there was some improvement in diffusion
properties on the maternal side of the placenta,
these did not extend to the fetal side. In another
study no differences were found in capillary surface
area or length, and it was concluded that high alti-
tude pregnancy is not accompanied by increased
angiogenesis (Mayhew 2003).
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SUMMARY

Important changes in the cardiovascular system
occur at high altitude. Cardiac output increases fol-
lowing acute exposure to high altitude, but in accli-
matized lowlanders and high altitude natives, most
measurements show the cardiac output for a given
work rate is the same as at sea level. Nevertheless,
because of the polycythemia, hemoglobin flow is
increased. Heart rate for a given work rate is higher
than at sea level, with the result that stroke volume is
reduced at high altitude. However, this is not caused
by a reduced myocardial contractility; on the con-
trary, this is preserved up to very high altitudes 
in normal subjects. Abnormal heart rhythms, such
as premature ventricular or atrial contractions, are
unusual despite the severe hypoxemia. However,
sinus arrhythmia accompanying periodic breathing
is very common at high altitude. Changes in systemic
blood pressure are variable; several studies report an
increase when lowlanders move to high altitude.
However, in some instances patients with hyperten-
sion at sea level have developed a reduction in pres-
sure on ascent to altitude. Pulmonary hypertension is
striking at high altitude, in both newcomers and high
altitude natives, particularly on exercise. Tibetans
have smaller degrees of pulmonary hypertension
than other highlanders. This is also the case in some
animals native to high altitude. The hypertension is

relieved by oxygen breathing when the exposure 
to high altitude is acute, but after a few days the
response to oxygen is less because of vascular
remodeling. Right ventricular hypertrophy and cor-
responding electrocardiographic changes are seen.
Newborn infants sometimes develop right heart fail-
ure at high altitude and this also occurs in young sol-
diers stationed at extreme altitudes.

7.1 INTRODUCTION

The cardiovascular system is an essential link in the
transport of oxygen from the air to the mitochon-
dria, and it therefore has an important role in
acclimatization and adaptation to the oxygen-
depleted environment of high altitude. However,
some aspects of the cardiovascular system at high
altitude have not been as extensively studied as their
importance may suggest. One reason for this is the
difficulties of measurement, especially the invasive
investigations necessary to reliably measure cardiac
output and pulmonary artery pressure. However,
echocardiographic assessment of tricuspid regurgi-
tation is increasingly used to estimate systolic 
pulmonary artery pressure.

In this chapter we look at available data on many
aspects of the cardiovascular system, although, as
will be seen, there are still many areas of ignorance.



This chapter is closely related to some others. The
cerebral circulation is discussed in Chapter 16, and
changes in the capillary circulation in high altitude
acclimatization and adaptation are considered in
Chapter 10. High altitude cerebral edema and high
altitude pulmonary edema are discussed in Chapters
19 and 20 respectively.

7.2 HISTORICAL

Early travelers to high altitudes frequently com-
plained of symptoms related to the cardiovascular
system. Many of these accounts were collected by
Paul Bert and set out in the first chapter of his clas-
sical book La Pression Barométrique (Bert 1878,
p. 29 in the 1943 translation). For example, he
quotes the great explorer Alexander von Humboldt
at an altitude of 2773 ‘fathoms’ (about 5070 m) on
Chimborazo in the South American Andes com-
plaining that ‘blood issued from our lips and eyes’.
Many other travelers gave accounts of bleeding
from the mouth, eyes and nostrils, and they often
attributed this to the low barometric pressure
which, they argued, did not balance the pressures
within the blood vessels. This is fallacious reasoning
because all vascular pressures fall along with the
ambient atmospheric pressure (section 2.1). These
early reports of bleeding are intriguing because this
is not a typical feature of mountain sickness as we
see it today.

Another common complaint of these early
mountain travelers was cardiac palpitations, espe-
cially on exercise. Typical is the passage quoted by
Bert (Bert 1878, p. 37 in 1943 translation) from the
explorer D’Orbigny who stated when he was on the
crest of the Cordilleras that ‘at the least movement,
I felt violent palpitations’. The most observant trav-
elers measured their pulse rate and noted that mild
exercise such as horse riding caused it to increase
dramatically although it was normal at rest. Cloves
of garlic were frequently eaten to relieve these
symptoms, which often seem exaggerated to the
modern reader.

An interesting historical vignette was the occur-
rence of peripheral edema in cattle while grazing at
high altitude in Utah and Colorado early in the
twentieth century (Hecht et al. 1962). The condition
is known as brisket disease because the edema is
most prominent in that part of the animal between

the forelegs and neck (brisket). The condition is
caused by right heart failure as a result of severe pul-
monary hypertension caused by hypoxic pul-
monary vasoconstriction. Right heart failure also
occurs in some newborn infants at high altitude,
especially in Han children born in Tibet (Sui et al.
1988). A somewhat similar condition has been
described in Indian soldiers stationed at very high
altitudes near the border with Pakistan (Anand et al.
1990). These conditions are further discussed in
Chapter 21.

Early climbers on Mount Everest who became
fatigued were sometimes diagnosed as having
‘dilatation’ of the heart. This was thought to be one
of the signs of failure to acclimatize. As late as 1934,
Leonard Hill stated that ‘degeneration of the heart
and other organs due to low oxygen pressure in the
tissues, is a chief danger which the Everest climbers
have to face’ (Hill 1934).

7.3 CARDIAC FUNCTION

7.3.1 Cardiac output

It is generally accepted that acute hypoxia causes an
increase in cardiac output both at rest and for a given
level of exercise compared with normoxia. These
responses are seen at sea level following inhalation
of low oxygen mixtures, and on acute exposure to
high altitude (Asmussen and Consolazio 1941, Keys
et al. 1943, Honig and Tenney 1957, Kontos et al.
1967, Vogel and Harris 1967). There is also evidence
that, in well-acclimatized lowlanders at high alti-
tude, the relationship between cardiac output and
work rate returns to the sea level value (Pugh 1964d,
Reeves et al. 1987). On the other hand, there is some
uncertainty about the changes following short peri-
ods of acclimatization.

Perhaps the first systematic studies of cardiac out-
put at high altitude were made by Douglas, Haldane
and their colleagues (1913) on the Anglo-American
Pikes Peak Expedition where they made measure-
ments on themselves by means of ballistocardiogra-
phy. No consistent changes in stroke volume of the
heart were noted. They therefore concluded that car-
diac output at rest was proportional to heart rate,
which they showed increased over the first 11 days at
4300 m and subsequently decreased towards normal.
Barcroft and his colleagues (1923) used an indirect
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Fick technique to measure cardiac output in their
study of themselves at Cerro de Pasco in the Peruvian
Andes at an altitude of 4330 m. They reported essen-
tially no difference in acclimatized subjects com-
pared with sea level.

Grollman (1930) made an impressive series of
measurements on Pikes Peak in 1929 using the
acetylene rebreathing method. He reported that rest-
ing cardiac output increased soon after reaching
high altitude, with a maximum value approximately
5 days later. However, by day 12 it had returned to
its sea level value. Similar changes were found by
Christensen and Forbes (1937) during the Intern-
ational High Altitude Expedition to Chile.

More recent investigators have reported similar
findings. Figure 7.1 shows the increase in resting car-
diac output during the first 40 h of acute exposure to
simulated high altitude (Vogel and Harris 1967).
Klausen (1966) found an increase in cardiac output
following ascent to an altitude of 3800 m but after
3–4 weeks it had returned to its sea level value.
Similar findings were reported by Vogel and his
colleagues (1967) on Pikes Peak at an altitude of
4300 m. However, Alexander et al. (1967) reported a
decrease in cardiac output during exercise after 10
days at 3100 m compared with sea level. The decrease
was caused by a fall in stroke volume. Reductions
in cardiac output (compared with sea level) after 

several days at high altitude were also reported by
Wolfel et al. (1994) and Sime et al. (1974).

In well-acclimatized lowlanders at high altitude,
and in high altitude natives, cardiac output in rela-
tion to work level is the same as at sea level. This
was shown by Pugh (1964d) during the Silver Hut
Expedition at an altitude of 5800 m where the mea-
surements were made by the acetylene rebreath-
ing technique (Fig. 7.2). Further measurements
were made by Cerretelli (1976a) at the Everest Base
Camp where the subjects had acclimatized for 2–3
months. Reeves et al. (1987) reported the same
finding on subjects during Operation Everest II
where a remarkable series of measurements was
made down to an inspired PO2 of 43 mmHg, equiv-
alent to that of the Everest summit (Fig. 7.3).
Similar results were found in Operation Everest III
(COMEX ’97) (Boussuges et al. 2002). Since the
maximal work level is greatly reduced at high alti-
tude it follows that maximal cardiac output is also
lower. Bogaard et al. (2002) showed that this is not
explained by alterations in the function of the
autonomic nervous system.

High altitude natives also show the same rela-
tionship between cardiac output and oxygen con-
sumption during exercise as at sea level. Vogel et al.
(1974) studied eight natives of Cerro de Pasco,
Peru, at an altitude of 4350 m and again after 8–13
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Figure 7.1 Cardiac output
(solid line), mean systemic
arterial pressure (dashed line),
and calculated peripheral
resistance (dotted line) during
acute exposure to a simulated
altitude of 2000 ft (610 m),
11 000 ft (3353 m) and 15 000 ft
(4572 m). Measurements were
made on 16 subjects after 10,
20, 30 and 40 h at each altitude.
The results from the different
altitude exposures were pooled.
Mean � SE indicated by vertical
bars (1 dyne � 10�5N). (From
Vogel and Harris 1967.)



days at Lima (sea level) and showed that the results
were almost superimposable (Fig. 7.4).

It is perhaps surprising that cardiac output in
well-acclimatized lowlanders and high altitude
natives bears the same relationship to work rate (or
power) as it does at sea level. After all, there is
plenty of evidence of severe tissue hypoxia during
exercise at high altitude, and at first sight it seems
that one way of increasing the tissue PO2 would be
to raise cardiac output and thus peripheral oxygen
delivery. However, in a theoretical study, Wagner
(1996) argued that although increasing cardiac
output improves calculated maximal oxygen con-
sumption at sea level, the improvement becomes
progressively less as altitude increases. In fact, cal-
culations done for a subject on the summit of
Mount Everest show that maximal oxygen con-
sumption (V�O2,max) was essentially unchanged as
cardiac output was increased from 50 to 150% of
its expected value (Fig. 7.5).

A similar picture emerged when hemoglobin
concentration was varied between 50 and 150% of
its expected value. Note that in the case of both
cardiac output and hemoglobin concentration,
calculated oxygen delivery to the tissues was greatly
increased. The reason for the lack of improvement
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Figure 7.2 Cardiac output
in relation to work rate and
related variables as obtained
from four well-acclimatized
subjects during the Silver
Hut Expedition. Note that
the cardiac output/work rate
relationship is the same at
an altitude of 5800 m
(�, barometric pressure
380 mmHg) as at sea level
(�). (From Pugh 1964a.)

Figure 7.3 Cardiac output (by thermodilution) and stroke
volume plotted against oxygen uptake (V�O2) and heart rate
at barometric pressures of 760 (�, n � 8), 347 (�, n � 6),
282 (�, n � 4) and 240 (�, n � 2) mmHg during
Operation Everest II. For the measurements at 240 mmHg,
the subjects breathed an oxygen mixture to give an
inspired PO2 of 43 mmHg. (From Reeves et al. 1987.)



in V�O2,max with increases in cardiac output and
hemoglobin concentration (and therefore oxygen
delivery) is that diffusion impairment of oxygen,
both in the lungs and in the muscles, reduces its
availability. At medium altitudes, the calculated
improvement in V�O2,max that accompanies an
increase in cardiac output or hemoglobin concen-
tration is intermediate between the values at sea
level and extreme altitude. Reeves (2004) has also
discussed the limited value of increasing cardiac
output and hemoglobin concentration at high 
altitude. Calbert et al. (2002) reported that the
increase in hemoglobin concentration accompany-
ing acclimatization to 5260 m did not increase
V�O2,max or peak cardiac output.

Although cardiac output in relation to work
level is unchanged in acclimatized subjects at high
altitude, and in high altitude natives, hemoglobin

flow is appreciably increased because of the poly-
cythemia. As long ago as 1930, Grollman suggested
that the return of cardiac output to its sea level
value was related in some way to the increase in
hemoglobin concentration of the blood (Grollman
1930).

7.3.2 Heart rate

Acute hypoxia causes an increase in heart rate both
at rest and for a given level of exercise, just as is the
case for cardiac output. The higher the altitude, the
greater the increase in heart rate. At simulated alti-
tudes of 4000–4600 m where acute exposure
depresses the arterial PO2 to 40–45 mmHg, resting
heart rates increase by 40–50% above the sea level
values (Kontos et al. 1967, Vogel and Harris 1967).
Benoit et al. (2003) showed that when normal sub-
jects are exposed to acute hypoxia, the lowest peak
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Figure 7.4 Cardiac index (Q� ) against oxygen uptake
(V�O2) (both related to body surface area) in high altitude
natives at 4350 m (�) and again after 8–13 days at sea
level (�). (From Vogel et al. 1974.)

Figure 7.5 Theoretical study of the effects of changing
cardiac output on maximal oxygen consumption (V�O2,max)
at sea level and at extreme altitude. Note that although
V�O2,max improves at sea level, there is essentially no
change at extreme altitude. This is explained by diffusion
limitation in the lung and tissues. (From Wagner 1996.)



heart rates are seen in those people who have the
lowest arterial oxygen saturations.

In acclimatized subjects at high altitude, resting
heart rates return to approximately the sea level
value up to an altitude of about 4500 m, although
there is some individual variation (Rotta et al.
1956, Peñaloza et al. 1963). On exercise, heart rate
for a given work rate or oxygen consumption
exceeds the sea level value. Figure 7.6 shows com-
parisons of heart rate at sea level and at an altitude
of 5800 m in four subjects from the Himalayan
Scientific and Mountaineering Expedition who had
spent several months at that altitude (Pugh 1964d).
It can be seen that the sea level values were generally
lower than the high altitude measurements. How-
ever, in three of the four subjects the data points
crossed at the highest work level that was tolerated at
the high altitude. In other words, at the highest work
level the heart rate was actually less than at sea 

level for the same power output. However, in every
instance, this crossover was associated with a reduc-
tion in measured oxygen consumption, suggesting
that at the high work rate, an increasing amount of
work was being accomplished anaerobically.

Maximal heart rate, that is the heart rate at
maximal exercise, is reduced in acclimatized 
subjects at high altitude. This is clearly seen from
Fig. 7.6. In Operation Everest II, maximal heart
rates decreased from 160 � 7 at sea level to
137 � 4 at a simulated altitude of 6100 m, 123 � 6
at 7620 m and 118 � 3 at 8848 m (Reeves et al.
1987). For a given work level, heart rates were
greater at high altitude compared with sea level,
though, interestingly, there seemed to be little dif-
ference between the measurements made at baro-
metric pressures of 347, 282 and 240 mmHg, as
shown in Fig. 7.7. This is possibly a reflection of the
limited degree of acclimatization of the subjects at
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Figure 7.6 Heart rate (HR, – – –),
cardiac output (CO, -), and oxygen
uptake (V�O2, -.-.) against work rate in
four well-acclimatized subjects at an
altitude of 5800 m. Measurements
taken at sea level (�) and 5800 m
(�, PB 380 mmHg). (From Pugh
1964d.)



the highest altitudes (West 1988a). The difference
between field and chamber studies was empha-
sized by Lundby and van Hall (2001), who showed
that although peak heart rate was reduced at an
altitude of 8750 m on Mount Everest, the heart rates
were considerably higher than found in chamber
experiments. In Operation Everest III (Comex ’97)
maximal heart rates were also reduced compared
with sea level values (Richalet et al. 1999). Lundby
et al. (2001) confirmed that the peak heart rate fell
as the altitude is increased.

Richalet (1990) has argued that the reduction 
of maximal heart rate in acclimatized subjects at
high altitude represents a physiological adaptation
which reduces cardiac work under conditions of lim-
ited oxygen availability. There is good evidence that
hypoxia induces downregulation of β-adrenergic
receptors in animal hearts (Voelkel et al. 1981,
Kacimi et al. 1992) and the role of the autonomic
nervous system in controlling heart rate and car-
diac output is well established. Short periods of
exposure to hypoxia increase the plasma concentra-
tion of epinephrine and norepinephrine (Richalet
1990) and the increase in heart rate caused by
hypoxia is abolished by beta-blockers (Kontos and
Lower 1963). Mazzeo et al. (2003) emphasized the

various roles of α-adrenergic stimulation in response
to exercise at 4300 m. Lundby et al. (2001b) reported
that dopamine D2 receptors are not involved in the
hypoxia-induced decrease in maximal heart rate.

However, the reduction of maximal heart rate
in acclimatized subjects at high altitude can be
interpreted differently. Since heart rate is actually
increased both at rest and at a given work level
compared with sea level (except perhaps at the
highest work level; Fig. 7.6), it seems reasonable to
regard the reduced maximal heart rate simply as a
reflection of the reduced maximal work level. For
example, it hardly makes sense that a climber on
the summit of Mount Everest where the V�O2,max is
only about 1L min�1 should have a maximal heart
rate as high as the same person at sea level when
the V�O2,max is 4–5 L min�1.

Oxygen breathing in acclimatized subjects at
high altitude reduces the heart rate for a given
work level (Pugh et al. 1964d). This is shown in
Fig. 11.4 where it can be seen that the heart rate for
a given work level was actually lower than the cor-
responding measurements at sea level. A possible
explanation for the reduction below the sea level
value is the fact that the arterial PO2 at this altitude
of 5800 m with 100% oxygen breathing is higher
than at sea level, and also that these subjects had
much higher hemoglobin levels than at sea level
because of the high altitude polycythemia. It is
known that heart rate for a given work rate at sea
level is inversely related to hemoglobin concentra-
tion (Richardson and Guyton 1959).

7.3.3 Stroke volume

Since stroke volume is determined by cardiac out-
put divided by heart rate, its changes at high altitude
can be deduced from those variables described in
the last two sections.

Acute hypoxia causes approximately the same
increase in cardiac output as in heart rate. The result
is no consistent change in stroke volume. This is true
for both rest and exercise (Vogel and Harris 1967).

After a few weeks’ exposure to high altitude, the
cardiac output response to work rate is the same as
at sea level (Figs 7.2 and 7.3) but heart rate remains
high (Figs 7.6 and 7.7). This means that stroke vol-
ume is reduced. The fall in stroke volume has been
attributed to depression of myocardial function as a
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Figure 7.7 Regression lines for heart rate on oxygen
uptake at barometric pressures of 760, 347, 282, and
240 mmHg during Operation Everest II. For the
measurements at 240 mmHg, the subjects breathed an
oxygen mixture to give an inspired PO2 of 43 mmHg.
(From Reeves et al. 1987.)



result of myocardial hypoxia (Alexander et al. 1967)
but, as the next section shows, myocardial contrac-
tility is apparently well maintained up to extremely
high altitudes in young healthy subjects. The reduc-
tion of stroke volume was also confirmed in
Operation Everest II where it was shown that oxy-
gen breathing did not increase stroke volume for a
given pulmonary wedge or filling pressure. This
suggested that the decline in stroke volume was not
caused by severe hypoxic depression of contractility
(Reeves et al. 1987). A possible contributing factor
is a fall in plasma volume. A reduction in stroke vol-
ume during ascent was also well documented in
Operation Everest III (Comex ’97) (Boussuges et al.
2000). However, Calbert et al. (2004) found that
plasma volume expansion did not increase maxi-
mal cardiac output or oxygen consumption in low-
landers acclimatized to an altitude of 5260 m.

Studies of high altitude natives at an altitude of
4350 m gave results similar to those found in accli-
matized lowlanders. Cardiac output against oxygen
consumption at high altitude was almost identical
to the sea level measurements (Fig. 7.4), whereas
heart rate was higher at high altitude and stroke
volume was up to 13% less (Vogel et al. 1974).

7.3.4 Myocardial contractility

As indicated above, stroke volume is reduced at
high altitude both in acclimatized lowlanders and
in high altitude natives compared with sea level.
The reduced stroke volume could be caused by
either reduced cardiac filling or impaired myocar-
dial contractility. A fall in filling pressures could
result from either an increased heart rate or a
reduction of circulating blood volume, or both.

During Operation Everest II, it was possible to
measure both right atrial mean pressure (filling
pressure for the right ventricle) and pulmonary
wedge pressure (as an index of the filling pressure
of the left ventricle). Both these measurements
tended to fall as simulated altitude increased (Reeves
et al. 1987). It was interesting that the right atrial
pressures tended to be low despite pulmonary
hypertension (section 7.5). In general the relation-
ship between stroke volume and right atrial pressure
was maintained. This finding suggests maintenance
of contractile function. In addition, as indicated
above, oxygen breathing did not increase stroke 

volume for a given filling pressure, suggesting that
the reduced stroke volume was not caused by hypoxic
depression of contractility.

Additional evidence to support the finding of
normal myocardial contractility came from a two-
dimensional echocardiography study during Opera-
tion Everest II (Suarez et al. 1987). It was found that
the ventricular ejection fraction, the ratio of peak
systolic pressure to end-systolic volume, and mean
normalized systolic volume at rest were all sustained
at a barometric pressure of 282 mmHg, correspon-
ding to an altitude of about 8000 m. Indeed the
surprising observation was made that during exer-
cise at the level of 60 W, the ejection fraction was
actually slightly higher (79% � 2% compared with
69% � 8%) at a barometric pressure of 282 mmHg
compared with sea level. The conclusion was that,
despite the decreased cardiac volumes, the severe
hypoxemia and the pulmonary hypertension, car-
diac contractile function appeared to be well main-
tained. Preservation of left ventricular contractility
in spite of the severe hypoxia at simulated high
altitude was also well documented in Operation
Everest III (COMEX ’97) using echocardiographic
and Doppler techniques (Boussuges et al. 2000).

7.3.5 Abnormal rhythm

Abnormal rhythms (apart from sinus arrhythmia
during periodic breathing) are uncommon at high
altitude and perhaps this is surprising in view of the
very severe arterial hypoxemia. A resting climber on
the summit of Mount Everest has an arterial PO2 of
around 30 mmHg (West et al. 1983b, Sutton et al.
1988). During exercise, the arterial PO2 falls even
farther, principally because of diffusion limitation
across the blood-gas barrier in the lung (West et al.
1983b, Sutton et al. 1988) (see Chapter 6). Thus the
myocardium is exposed to extremely low oxygen
levels and it is known that the hypoxic myocardium
is prone to rhythm abnormalities (Josephson and
Wellens 1984).

In an electrocardiographic study of 19 subjects
during the 1981 American Medical Research Expe-
dition to Everest, only one subject had premature
ventricular contractions and these were recorded
at an altitude of 5300 m. Another climber showed
premature atrial contractions at 6300 m (Karliner
et al. 1985). One subject on the 1960–61 Silver Hut
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expedition showed premature ventricular contrac-
tions after exercise at an altitude of 5800 m (Fig.
7.8). However, no other member of the expedition
showed any dysrhythmia (Milledge 1963). Occa-
sional premature ventricular contractions and pre-
mature atrial contractions have been observed by
others (Cummings and Lysgaard 1981). One report
suggests that cardiac arrhythmias may become
more frequent with aging (Alexander 1999). Thus
it appears that extreme hypoxia of the otherwise
normal myocardium causes little abnormal rhythm,
even at the most extreme altitudes. This conclusion
is consistent with the maintenance of normal myo-
cardial contractility even during the extreme hypoxia
of very great altitudes (Reeves et al. 1987), as dis-
cussed in section 7.3.4.

There is a report that permanent inhabitants of
mountainous regions (altitude 2800–4000 m) have
a higher prevalence of cardiac arrhythmias than
low altitude dwellers at rest. However, the rhythm
disturbances were less on exercise (Mirrakhimov
and Meimanaliev 1981). There are also studies in
animals claiming that intermittent hypoxia protects
the myocardium against ischemic arrhythmias
(Meerson et al. 1987, Asemu et al. 1999).

Sinus arrhythmia accompanying the periodic
breathing of sleep is very common at high altitude
(Chapter 13). Indeed, the periodic slowing of the
heart can be reliably used to identify the presence of
periodic breathing at sea level (Guilleminault et al.
1984) and was used in this way with a Holter moni-
tor to detect periodic breathing in climbers at an
altitude of 8050 m during the American Medical
Research Expedition to Everest (West et al. 1986). It
is likely that the most extreme arterial hypoxemia
for a given altitude occurs during the periodic
breathing of sleep following the periods of apnea. It is
not surprising that occasional premature ventricular

and premature atrial contractions are then some-
times seen. For example, during the four sleep stud-
ies at 8050 m, one individual had occasional
premature ventricular contractions, another had
atrial bigeminy and a third had occasional prema-
ture atrial beats (Karliner et al. 1985).

7.3.6 Coronary circulation

The myocardium normally extracts a large propor-
tion of the oxygen from the coronary arterial blood,
with the result that the venous PO2 has one of the
lowest values of all organs in the body. Acute hypoxia
has been shown to increase coronary blood flow in
proportion to the fall in arterial oxygen concentra-
tion (Hellems et al. 1963). It is perhaps surprising
therefore that coronary blood flow has been shown
to be reduced in permanent residents of high alti-
tude compared with people at sea level. Moret (1971)
measured coronary flow in two groups of people at
La Paz (3700 m) and Cerro de Pasco (4375 m) and
compared them with a group at sea level. The flow
per 100 g of left ventricle was some 30% less in the
high altitude natives. A reduction of coronary blood
flow of about the same magnitude in lowlanders 
10 days after ascent to high altitude (3000 m) was
found by Grover et al. (1970).

Despite this, there appears to be little evidence
of myocardial ischemia in people living at high alti-
tude (Arias-Stella and Topilsky 1971). These authors
showed that casts of the coronary vessels had a
greater density of peripheral ramifications than
those of sea level controls. This might be part of the
explanation for the apparent low incidence of
angina and other features of myocardial ischemia.

7.4 SYSTEMIC BLOOD PRESSURE

Acute hypoxia causes essentially no change in the
mean systemic arterial blood pressure in humans,
at least up to altitudes of 4600 m (Kontos et al. 1967,
Vogel and Harris 1967). This is in contrast to the
dog, in which acute hypoxia results in a rise of mean
arterial pressure (Kontos et al. 1967). However, when
lowlanders move to high altitude there is frequently
an increase in blood pressure for the first few weeks.
In one study of 32 subjects who moved to an altitude
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Figure 7.8 Electrocardiogram showing premature
ventricular contractions occurring after exercise at 5800 m.
(From Milledge 1963.)



between 3500 and 4000 m, 31 of them had an
increase in resting blood pressure, and this persisted
for some 3 weeks at altitude but returned to normal
after descent (Kamat and Banerji 1972). In another
study of four sea level residents who moved to an
altitude of 4350 m, the mean arterial blood pressure
rose from about 100 to about 128 mmHg after
arrival and this persisted for 10 days (Vogel et al.
1974). In a further report there was a rise in sys-
temic blood pressure in 11 subjects who ascended to
4300 m and it was shown that propanalol given to
some of the subjects reduced the rise in pressure sug-
gesting that increased sympathetic activity was a
causative factor (Wolfel et al. 1994). Another study
reported only in an abstract looked at a large number
of high school students living at altitudes of about
1200, 1800 and over 2000 m. The mean systolic pres-
sure was slightly elevated at the highest altitude com-
pared with the lowest (Appleton 1967).

In contrast to these increases in systemic blood
pressure shortly after moving to high altitude, people
who reside there for several years apparently have a
decrease in both systolic and diastolic pressure
(Marticorena et al. 1969, Hultgren 1970). These
studies included 100 lowlanders who moved to alti-
tudes of about 3800 to 4300 m for between 2 and 15
years. There is also a report that a stay of 1 year at an
altitude of 4500 m resulted in a decrease of systemic
systolic and diastolic pressures (Rotta et al. 1956).

There is some evidence that patients with sys-
temic hypertension who move to high altitude 
are improved. Penaloza (1971) found that some
patients with systemic hypertension who moved to
an altitude of 3750 m had a reduction in their level
of systemic blood pressure. This finding is consis-
tent with a study of the prevalence of systemic
hypertension at altitudes of 4100 to 4360 m in Peru,
compared with two communities at sea level. This
showed a prevalence of hypertension in men at
least 12 times greater at sea level than at high alti-
tude (Ruiz and Penaloza 1977). The difference was
even more marked in women.

In high altitude natives living at 4350 m, Vogel 
et al. (1974) found that the mean brachial arterial
blood pressure was consistently higher during exer-
cise than in the same subjects at sea level. By con-
trast the increase in mean systemic arterial pressure
which occurs during the course of heavy exercise is
apparently the same in acclimatized lowlanders as it
is in sea level residents.

Syncope occasionally occurs at high altitude in
otherwise healthy individuals (Nicholas et al. 1992,
Perrill 1993, Freitas et al. 1996, Westendorp et al.
1997). This has been seen mainly in young adults,
often within 24 h of arrival at altitude, and com-
monly after a meal including alcohol. Imbalance of
the sympathetic–parasympathetic systems is the
probable cause.

7.5 PULMONARY CIRCULATION

7.5.1 Pulmonary hypertension

One of the most striking cardiovascular changes at
high altitude is the occurrence of pulmonary hyper-
tension caused by an increase in pulmonary vascu-
lar resistance. This is seen in subjects exposed to
acute hypoxia, in acclimatized lowlanders at high
altitude, and in most high altitude natives. The pul-
monary hypertension of acute hypoxia is reversed
by oxygen breathing, but this is not the case in accli-
matized lowlanders or high altitude natives.

In normal subjects at sea level who are given 
low oxygen mixtures to breathe, mean pulmonary
artery pressure almost always increases. In early
studies, Motley et al. (1947) reported an increase of
13–23 mmHg as a result of breathing 10% oxygen
in nitrogen for 10 min. This study followed the ini-
tial demonstration by von Euler and Liljestrand
(1946) that the pulmonary arterial pressure in the
cat increased when the animals breathed 10% oxy-
gen in nitrogen. The increase in pulmonary vascu-
lar resistance is caused by vasoconstriction, mainly
or solely as a result of contraction of smooth mus-
cle in small pulmonary arteries.

Extensive studies of the effects of acute hypoxia
on the pulmonary circulation have been made in
humans and in a variety of animals. Figure 7.9
shows a typical study by Barer et al. (1970) in anes-
thetized cats in which the left lower lobe of the lung
was made hypoxic and its blood flow was plotted
against the alveolar PO2. Note the typical nonlinear
stimulus–response curve. When the alveolar PO2 was
altered in the region above 100 mmHg, little change
in blood flow and therefore vascular resistance was
seen. However, when the alveolar PO2 was reduced 
to approximately 70 mmHg, a marked increase in
vascular resistance occurred, and at very low PO2
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values approaching those of mixed venous blood,
the local blood flow was almost abolished.

There are differences among species in the stim-
ulus–response curves. Tucker and Rhodes (2001)
carried out an extensive review of a series of
species and noted that sheep and dogs typically
have small responses whereas cattle and pigs have
large increases in pulmonary artery pressure. The
response is related to the degree of musculariza-
tion of the pulmonary arteries. Species that live at
high altitudes including yaks and pikas are typi-
cally hyporesponders. In yaks there is evidence that
augmented nitric oxide production is partly
responsible for the low pulmonary vascular tone
(Ishizaki et al. 2005).

In humans, the vasoconstrictor response to acute
hypoxia shows considerable variation between indi-
viduals, leading Read and Fowler (1964) to refer to
‘responders’ and ‘nonresponders’. Indeed, an attrac-
tive hypothesis is that hypoxic pulmonary vasocon-
striction is vestigial in the adult and that its most
important function occurs in the transition from
placental to pulmonary gas exchange. Here there is a
release of pulmonary vasoconstriction when the
newborn baby starts to breathe air, and the circula-
tion rapidly transforms from the fetal placental
mode to the adult lung mode. Presumably this is
where the primary evolutionary pressure for the
phenomenon comes from.

Acclimatized lowlanders exhibit pulmonary
hypertension at high altitude with a mean 

pulmonary arterial pressure increasing from its sea
level value of about 12 mmHg to about 18 mmHg
after 1 year at 4540 m (Rotta et al. 1956, Sime et al.
1974). This resting pulmonary arterial pressure
increases considerably more during exercise.
Figure 7.10 shows the relationship between mean
pulmonary vascular pressure gradient across the
lung (mean pulmonary arterial pressure minus
pulmonary wedge pressure) and cardiac output in
the subjects of Operation Everest II (Groves et al.
1987). Note that the resting values of the gradient
(determined primarily by the mean pulmonary
artery pressure) increased, but the most dramatic
change was in the slope of the pressure gradient
with respect to cardiac output. This indicates the
striking increase in pulmonary vascular resistance
at these great simulated altitudes.

High altitude natives also show a substantial
increase in mean pulmonary artery pressure during
exercise. In one study, mean pulmonary artery pres-
sure increased from 26 to 60 mmHg during exercise
at an altitude of 4500 m (Sime et al. 1974). This was
a greater increase than that found in acclimatized
lowlanders.

In contrast to the dramatic effect of oxygen
breathing in acute hypoxia, which causes pulmonary
vascular resistance to return to its pre-hypoxic level,
oxygen breathing has relatively little effect in accli-
matized lowlanders and high altitude natives. For
example, after the subjects had been exposed to low
pressure for 2–3 weeks in Operation Everest II, 100%
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Figure 7.9 Blood flow from left
lower lobe of open-chest anesthetized
cats plotted against the PO2 of the
pulmonary venous blood from the
lobe. The lobe was ventilated with
different inspired gas mixtures while
the rest of the lung was breathing air
(�) or 100% oxygen (�). (From Barer 
et al. 1970.)



oxygen breathing resulted in a lower cardiac output
and pulmonary artery pressure but there was no
significant fall in pulmonary vascular resistance
(Groves et al. 1987). In interpreting this result it
should be recognized that a fall in cardiac output
normally results in an increase in pulmonary vascu-
lar resistance because the reduction in capillary pres-
sure causes derecruitment of capillaries and a
reduction in caliber of those which remain open
(Glazier et al. 1969). Thus the fact that pulmonary
vascular resistance did not change when it was
expected to rise indicated that oxygen breathing
probably reduced vascular resistance to some extent.
Nevertheless, it is remarkable that the subjects who
were hypoxic for only 2–3 weeks when the measure-
ments were made had a substantial degree of irre-
versibility of the increased pulmonary vascular
resistance. This implies that there were structural
changes in the pulmonary blood vessels, in addition
to simple contraction of vascular smooth muscle,
and is consistent with more recent studies on rapid
remodeling of the pulmonary circulation (Tozzi 
et al. 1989).

High altitude natives also show little response of
their increased pulmonary vascular resistance to
100% breathing. In this case it is known that there
are substantial structural changes in the lungs
including a large increase in smooth muscle in the
small pulmonary arteries (section 7.5.2).

A study of a small sample of Tibetans showed
that they have an unusually small degree of hypoxic
pulmonary vasoconstriction compared with other
high altitude natives (Groves et al. 1993). Five nor-
mal male residents of Lhasa (3658 m) were studied
at rest and during near-maximal ergometer exercise.
The resting mean pulmonary arterial pressure and

pulmonary vascular resistance were within normal
values for sea level. Alveolar hypoxia resulted in a
smaller rise of mean pulmonary artery pressure
than in other high altitude residents of North and
South America (Reeves and Grover 1975) (Fig.
7.11). Exercise increased cardiac output more than
three-fold with a reduction in pulmonary vascular
resistance; 100% oxygen breathing during exercise
did not reduce pulmonary arterial pressure or vas-
cular resistance. The authors argued that elevated
pulmonary arterial pressure in high altitude resi-
dents may be a maladaptive response to chronic
hypoxia, and the findings indicated improved adap-
tation in a group that has been at high altitude for a
very long period.

7.5.2 Mechanisms of hypoxic 
pulmonary vasoconstriction

The mechanism of hypoxic pulmonary vasocon-
striction is not fully understood despite a great deal
of research. Since the phenomenon occurs in
excised isolated lungs, it clearly does not depend on
central nervous connections. Furthermore, excised
segments of pulmonary artery can be shown to
constrict if their environment is made hypoxic
(Lloyd 1965), so the response is due to local action
of the hypoxia on the artery itself. It is also known
that it is the PO2 of the alveolar gas, not the pul-
monary arterial blood, which chiefly determines
the response (Duke 1954, Lloyd 1965). This can be
proved by perfusing a lung with blood of a high
PO2 while keeping the alveolar PO2 low. Under
these conditions the response is well seen.
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Figure 7.10 Mean pulmonary artery
pressure (PAm) minus mean pulmonary
wedge pressure (PAWM) plotted against
cardiac output (by thermodilution) at
various barometric pressures (PB)
during Operation Everest II. For the
measurements at 240 mmHg, the
subjects breathed an oxygen mixture to
give an inspired PO2 of 43 mmHg; �,
282 mmHg; �, 240 mmHg. (From
Groves et al. 1987.)



The predominant site of vasoconstriction is in
the small pulmonary arteries (Kato and Staub 1966,
Glazier and Murray 1971). Some studies suggest
that the alveolar vessels may be partly responsible
for the increased resistance, and contractile cells
have been described in the interstitium of the alveo-
lar wall, which could conceivably distort capillaries
and increase their resistance (Kapanci et al. 1974).
However, the fact that the pulmonary arterial pres-
sure can increase to levels of 50 mmHg or more in
subjects at high altitude without the occurrence of
pulmonary edema is evidence that the main site of
constriction is upstream of the pulmonary capillar-
ies from which the fluid leaks.

Having said this, it is also true that pulmonary
edema does occur at high altitude from time to
time (Chapter 20) and a likely mechanism is that
the hypoxic pulmonary vasoconstriction is uneven
(Hultgren 1978), with the result that those capillar-
ies which are not protected from the increased pul-
monary arterial pressure develop ultrastructural
damage to their walls. This results in a high perme-
ability type of edema and this topic is considered in
more detail in section 20.7.5.

As indicated earlier, the exact mechanism of
hypoxic pulmonary vasoconstriction is still an active
area of research. Chemical mediators which have
been studied in the past include catecholamines, his-
tamine, angiotensin and prostaglandins (Fishman
1985). Recently, a great deal of interest has been gen-
erated by the observation that inhaled nitric oxide
reverses hypoxic pulmonary vasoconstriction.

Nitric oxide is an endothelium-derived relaxing
factor for blood vessels (Ignarro et al. 1987). It is
formed from L-arginine via catalysis by endothelial

nitric oxide synthase (eNOS) and is a final com-
mon pathway for a variety of biological processes
(Moncada et al. 1991). Nitric oxide activates solu-
ble guanylate cyclase, which leads to smooth mus-
cle relaxation through the synthesis of cyclic GMP.
Several studies suggest that potassium ion channels
in smooth muscle cells may be involved, leading to
increased intracellular concentration of calcium
ions. Nitrovasodilators, such as nitroprusside and
glycerol trinitrate, which have been used clinically
for many years, are thought to act by these same
mechanisms.

Inhibitors of nitric oxide synthesis have been
shown to augment hypoxic pulmonary vasocon-
striction in isolated pulmonary artery rings (Archer
et al. 1989), and attenuate pulmonary vasodilata-
tion in intact lambs (Fineman et al. 1991). Inhaled
nitric oxide reduces hypoxic pulmonary vasocon-
striction in humans (Frostell et al. 1993) and sheep
(Pison et al. 1993), and lowers pulmonary vascular
resistance in patients with high altitude pulmonary
edema (HAPE) (Anand et al. 1998). The required
inhaled concentration of nitric oxide is extremely
low (about 20 ppm), and the gas is highly toxic at
high concentrations. The recognition of the role of
nitric oxide has opened up a new era in our under-
standing of hypoxic pulmonary vasoconstriction.

Calcium and potassium channels in the vascu-
lar smooth muscle have an important role in the
development of vasoconstriction. This is a rapidly
developing area of research and a recent review can
be found in Remillard and Yuan (2005). Hypoxia
decreases K� channel activity causing membrane
depolarization which leads to increased Ca2� influx
and so to contraction of smooth muscle cells. Thus
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Figure 7.11 Change in mean pulmonary
artery pressure during alveolar hypoxia in
five Tibetans compared with high altitude
residents of North and South America.
(From Groves et al. 1993.)



the resulting transmembrane ion flux modulates
excitation–contraction coupling in the smooth
muscle cells. This flux also regulates cell volume,
apoptosis and proliferation which results in remod-
eling of the blood vessels.

Pulmonary vascular vasodilators can be used to
reduce the degree of pulmonary hypertension
under some conditions. Calcium channel blockers
such as nifedipine reduce the pulmonary artery
pressure and are useful in both the treatment and
prevention of high altitude pulmonary edema
(Bärtsch et al. 1991b, Hackett and Roach 2001).
More recently 5-phosphodiesterase inhibitors such

as sildenafil have been shown to reduce the pul-
monary hypertension at high altitude both during
rest and during exercise, and they may also be useful
in the treatment and prophylaxis of high altitude
pulmonary edema (Zhao et al. 2001, Ricart et al.
2005, Richalet et al. 2005a). Figure 7.12 summarizes
some of the mechanisms responsible for hypoxic
pulmonary vasoconstriction.

Hypoxic pulmonary vasoconstriction has the
effect of directing blood flow away from hypoxic
regions of lung, caused, for example, by partial
obstruction of an airway. Other things being equal,
this will reduce the amount of ventilation/perfusion
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inequality in a diseased lung and limit the depression
of the arterial PO2. This is a valuable mechanism in
some patients with asthma and chronic obstructive
pulmonary disease. However, the pulmonary hyper-
tension that is seen at high altitude has no value
except to cause a more uniform topographical distri-
bution of blood flow (Dawson 1972). The improve-
ment in ventilation/perfusion relationships resulting
from this more uniform distribution of blood flow is
trivial in terms of overall gas exchange (West 1962b)
and we must conclude that the pulmonary hyperten-
sion of high altitude has no useful function, but in
fact is deleterious because it can be responsible for
the occurrence of HAPE. As stated earlier, the evolu-
tionary pressure for the mechanism of hypoxic pul-
monary vasoconstriction presumably comes from its
value in the perinatal period.

7.5.3 Remodeling

The lungs of long-term residents at high altitude
show marked changes related to pulmonary hyper-
tension (Heath and Williams 1995). Bands of
smooth muscle develop in the small pulmonary
arteries (arterioles) of approximately 500 µm diame-
ter which normally have a wall consisting only of a
single elastic lamina. The result is that these small
vessels develop a media of circularly oriented
smooth muscle bonded by internal and external elas-
tic laminae (Fig. 7.13). These changes are associated
with narrowing of the lumen and an increase in pul-
monary vascular resistance. Medial hypertrophy of
the parent muscular pulmonary arteries is not a
common feature (Arias-Stella and Saldaña 1963),
though it occurs in some individuals (Wagenvoort
and Wagenvoort 1973). Occlusive intimal fibrosis
apparently does not occur. However, longitudinal
muscle fibers developing in the intima of pulmonary
arterioles in highlanders have been described
(Wagenvoort and Wagenvoort 1973). Some authors
have also described an increase in mast cell density in
experimental animals exposed to long-term hypoxia
(Kay et al. 1974). This is of interest because at one
stage it was thought that mediators from mast cells,
for example histamine, might be involved in the
vasoconstrictor response.

These structural changes are consistent with the
fact that the pulmonary arterial pressure of high
altitude natives falls only slightly (by 15–20%)

when oxygen is breathed (Peñaloza et al. 1962).
These authors showed that inhabitants of Cerro de
Pasco (4330 m) who moved to sea level had their
mean pulmonary arterial pressure halved from 24
to 12 mmHg after 2 years of residence at sea level.
The fact that lowlanders who are exposed to high
altitude for 2–3 weeks develop pulmonary hyper-
tension which is not completely reversed by 100%
oxygen breathing (Groves et al. 1987) suggests that
their pulmonary blood vessels may also have devel-
oped some increased smooth muscle.

The structural changes that occur in pulmonary
arteries when the pulmonary arterial pressure is
raised as a result of exposing an animal to hypoxia
are referred to as vascular remodeling (Riley 1991).
This was studied by Meyrick and Reid (1978, 1980)
who exposed rats to half the normal barometric
pressure for 1–52 days. The result was an increase in
pulmonary artery pressure as a result of hypoxic
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Figure 7.13 Histological section of a pulmonary
arteriole from a Quechua Indian living at high altitude
in the Peruvian Andes. Muscle tissue is seen between the
internal and external elastic laminae. Normally there is
a single elastic lamina and no muscle tissue in a vessel
of this size at sea level. (Elastic van Gieson stain, �375.)
(From Heath and Williams 1995.)



pulmonary vasoconstriction. After 2 days they saw
the appearance of new smooth muscle in small pul-
monary arteries, and after 10 days there was dou-
bling of the thickness of the media and adventitia
of the main pulmonary artery due to increased
smooth muscle, collagen and elastin, and also edema.
There was some recovery after 3 days of normoxia,
and after 14–28 days the thickness of the media was
normal. However, some increase in collagen per-
sisted up to 70 days.

The molecular biology of the responses of the
pulmonary blood vessels has been studied by sev-
eral groups. Mecham et al. (1987) looked at the
response of the pulmonary arteries of newborn
calves to alveolar hypoxia. There was a two- to four-
fold increase in elastin production in pulmonary
arterial wall and medial smooth muscle cells. This
was accompanied by a corresponding increase in
elastin messenger RNA consistent with regulation
at the transcriptional level. Poiani et al. (1990)
exposed rats to 10% oxygen for 1–14 days. Within 3
days of exposure there was increased synthesis of
collagen and elastin, and an increase in mRNA for
α1(I) procollagen.

A particularly interesting study was done by Tozzi
et al. (1989) who placed rat main pulmonary artery
rings in Krebs–Ringer bicarbonate as explants. The
investigators then applied mechanical tension equiv-
alent to a transmural pressure of 50 mmHg for 4 h,
and found increases in collagen synthesis (incorpo-
ration of 14C-proline), elastin synthesis (incorpora-
tion of 14C-valine), mRNA for α1(I) procollagen, and
mRNA for protooncogene v-sis. The last may impli-
cate platelet-derived growth factor (PDGF) or trans-
forming growth factor (TGF)-β as a mediator. They
were able to show that these changes were endothe-
lium-dependent because they did not occur when
the endothelium was removed from the arterial
rings.

It is possible that this vascular remodeling is a
general property of pulmonary vascular endothe-
lium. It has been pointed out that the capillary wall
has a dilemma in that it must be extremely thin for
gas exchange but immensely strong to withstand
the wall stresses that develop when the capillary
pressure rises during heavy exercise (West and
Mathieu-Costello 1992b). There is good evidence
that the extracellular matrix of the blood-gas bar-
rier, at least on the thin side, is responsible for its
strength, and it is known that in mitral stenosis,

where the capillary pressure rises over long periods
of time, there is an increase in thickness of the
extracellular matrix (Kay and Edwards 1973). Thus
it may be that the capillary is continually regulating
the structure of the wall in response to the capillary
pressure which is sensed by the endothelium. The
capillaries appear to be the most vulnerable vessels
in the pulmonary circulation when the pressure
rises. Thus vascular remodeling, which has been
chiefly studied in larger blood vessels, may be a gen-
eral property of the pulmonary vasculature, and its
evolutionary advantage may be primarily to protect
the walls of the capillaries.

The mechanism of capillary wall remodeling 
in response to increased wall stress has been the
subject of several studies. Berg et al. (1997)
exposed rabbit lungs to high levels of lung inflation
because this is known to increase the wall stress of
pulmonary capillaries (Fu et al. 1992). Increased
gene expression for α1(III) and α2(IV) procolla-
gens, fibronectin, basic fibroblast growth factor
(bFGF), and TGF-β1 was found in peripheral lung
parenchyma compared with control animals in
normal states of lung inflation. However, mRNA
levels for α1(I) procollagen and vascular endothe-
lial growth factor (VEGF) were unchanged. Parker
et al. (1997) raised capillary transmural pressure by
intermittently increasing the venous pressure in
isolated perfused rat lungs. There were significant
increases in gene expression for α1(I) and α1(III)
procollagens, fibronectin and laminin compared
with controls in which the venous pressure was
normal. Berg et al. (1998) placed rats in 10% oxy-
gen for periods from 6 h up to 10 days. Here the
hypothesis was that because the pulmonary vaso-
constriction caused by alveolar hypoxia is uneven,
some capillaries will be exposed to a high trans-
mural pressure, and therefore have increased wall
stress. Levels of mRNA for α2(IV) procollagen
increased six-fold after 6 h of hypoxia, and seven-
fold after 3 days of hypoxia. However, the levels
decreased after 10 days of exposure. mRNA levels
for PDGF-B, α1(I) and α3(III) procollagens and
fibronectin also increased. All the above results are
consistent with capillary wall remodeling in
response to increased wall stress, but the overall
picture is still far from clear.

The environment of the human fetus is similar in
some respects to that of the high altitude dweller in
that the arterial PO2 is less than 30 mmHg, based on
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measurements on experimental animals (Itskovitz
et al. 1987). The fetus also has pulmonary hyperten-
sion because the pulmonary artery is connected to
the systemic arterial system through the patent duc-
tus arteriosus. In keeping with this, the fetal lung
shows a high degree of muscularization of the pul-
monary arteries. Babies born at a high altitude show
persistence of this muscularization, whereas the pul-
monary arteries of those born at sea level assume
the adult appearance after only a few weeks (Heath
and Williams 1995).

7.5.4 Right ventricular hypertrophy

The pulmonary hypertension of high altitude
causes right ventricular hypertrophy both in accli-
matized lowlanders and in high altitude natives. In
one study of children of 2–10 years of age it was
shown that at sea level the ratio of left to right ven-
tricular weights was about 1.8, whereas at high alti-
tude (3700–4260 m) it was less than 1.3 (Arias-Stella
and Recavarren 1962). Experimental studies on rats
exposed to an altitude of 5500 m showed that they
developed right ventricular hypertrophy within 
5 weeks (Heath et al. 1973).

Data on acclimatized lowlanders are not generally
available, but there is abundant indirect evidence of
right ventricular hypertrophy from electrocardio-
graphic changes (section 7.5.4). Occasionally,
climbers returning from high altitude have shown

evidence of right heart enlargement on the chest
radiograph (Pugh 1962a).

7.5.5 Electrocardiographic changes

Electrocardiographic changes are considered here
because most of the changes are attributable to
pulmonary hypertension. An extensive study was
carried out during the 1981 American Medical
Research Expedition to Everest (Karliner et al. 1985)
when recordings were made at sea level, 5400 m,
6300 m, and again at sea level. A total of 19 subjects
were studied, although complete data were not
obtained from all. Resting heart rate increased from
a mean of 57 at sea level to 70 at 5400 m and 80 at
6300 m (compare section 7.3.2). The amplitude of
the P wave in standard lead 2 of the electrocardio-
gram increased by over 40% from sea level to
6300 m, consistent with right atrial enlargement.
Right axis deviation of the QRS axis was seen. The
mean frontal plane QRS axis increased from �64°
to �78° at 5400 m and �85° at 6300 m. Three sub-
jects showed abnormalities of right bundle branch
conduction at the highest altitude and three others
showed changes consistent with right ventricular
hypertrophy (posterior displacement of the QRS vec-
tor in the horizontal plane). Seven subjects developed
flattened T waves and four showed T-wave inver-
sions (Fig. 7.14). All the changes returned to normal
in tracings obtained at sea level after the expedition.
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Figure 7.14 Twelve-lead
electrocardiogram obtained at
Camp 2 (6300 m) and about 3
months after return of the subject
to sea level. Sinus tachycardia and
diffuse T-wave flattening present at
altitude; the T waves in leads V2

and V3 exhibit terminal inversion.
(From Karliner et al. 1985.)



Other investigators have reported similar find-
ings in acclimatized lowlanders, though generally
on smaller numbers or at lower altitudes. Milledge
(1963) made measurements during the 1960–61
Silver Hut expedition and reported data on sub-
jects who spent several months at an altitude of
5800 m. In addition some recordings were made as
high as 7440 m in climbers who never used supple-
mental oxygen. He found T-wave inversions on the
right pre-cordial leads in six subjects; two had left
pre-cordial T-wave inversion as well. Oxygen
breathing had no effect on these changes. Das et al.
(1983) reported on over 40 subjects who were rap-
idly transported to either 3200 or 3771 m. There
was a tendency for a rightward axis shift which,

interestingly, tended to resolve in most subjects
after 10 days at high altitude.

A particularly remarkable measurement was
made on Ms Phantog, deputy leader of the success-
ful 1975 Chinese ascent of Mount Everest. She lay
down on the summit under the newly erected tri-
pod while her standard lead 1 was telemetered down
to Base Camp. However, there were no changes from
sea level to 8848 m and back again (Zhongyuan et al.
1980). Other electrocardiographic studies at high
altitude include those made by Peñaloza and
Echevarria (1957), Jackson and Davies (1960),
Aigner et al. (1980), Kapoor (1984), Malconian et al.
(1990), Chandrashekhar et al. (1992) and Halperin
et al. (1998).
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SUMMARY

The best-known aspects of altitude acclimatization
are the increase in red cell numbers per unit volume
and the increase in hemoglobin concentration.
These are achieved, initially, by a reduction in plasma
volume (PV) and later by an increase in red cell mass
(RCM). The mechanism for PV reduction on ascent
to altitude is probably via carotid body stimula-
tion by hypoxia, which reduces the reabsorption of
sodium by the kidney via neural pathways. Hypoxia
causes an increase in erythropoietin (EPO), which
stimulates the bone marrow to increase red cell out-
put. The EPO gene is induced by hypoxia through a
nuclear factor, the hypoxia-inducible factor-1 alpha
(HIF-1α ). Although EPO levels rise within a few
hours, the increase in RCM takes weeks and only
reaches a steady state after some 6 months. Plasma
volume is restored to near sea level values after a 
few weeks. The rise in hemoglobin concentration is
roughly linear with altitude up to about 5500 m and
is similar in acclimatized lowlanders and residents of
high altitude throughout most of the world, though
with wide individual variation. However, Tibetan
(and possibly Ethiopian) highlanders have lower
hemoglobin levels than other high altitude residents
at similar altitudes. Extreme polycythemia among
residents or lowlanders staying at altitude for many

years is considered pathological and termed chronic
mountain sickness (Chapter 21).

The effect of altitude on white cells has been lit-
tle studied. Changes are variable, though increase
in CD16 natural killer cells has been reported.

The effects of altitude on platelets and clotting
are considered in Chapter 22.

8.1 INTRODUCTION

Probably the best-known adaptation to high altitude
is the increase in the number of red cells per unit vol-
ume of blood. Paul Bert suggested in his book La
Pression Barométrique (1878) that adaptation to high
altitude might include an increase in the number of
red cells and in the quantity of hemoglobin. Thus the
blood would be able to carry more oxygen. A few
years later he was sent samples of blood from a num-
ber of domestic animals from La Paz, Bolivia
(3500 m). He showed that these samples combined
with 16.2–21.6 volumes of oxygen per 100 volumes
of blood compared with 10–12 volumes percent in
the blood of animals in France (West 1981).

Viault, in 1890, made the first blood counts of
men at high altitude. His own blood count at sea
level in Lima was 5 million mL�1 and after 3 weeks
at Morococha, a mining township at 4372 m in the



Andes, the value had increased to 7.1 million mL�1.
We now know that most of this increase, early in
altitude exposure, is due to reduced plasma volume
rather than an increase in RCM. Viault found these
elevated counts present in a companion doctor from
Lima and also in a number of the local Indian resi-
dents at altitude. He also noted that in a male llama
the value was 16 million mL�3. He called the llama,
‘l’animal par excellence des grandes altitudes’,
although, in fact, since the llama has very small red
cells, the hemoglobin concentration of the blood is
the same as in humans. In 1891 Viault published
further observations which confirmed Bert’s work
on the oxygen-carrying capacity of high altitude
animals. He showed in two sheep and one dog that
their oxygen-carrying capacity was increased com-
pared with similar animals in France.

Since then, almost all expeditions with any pre-
tense at carrying out physiological research at high
altitude have observed this increase in red cell count,
packed cell volume, or hemoglobin concentration.

The increase in red cell number and hemoglobin
concentration increases the oxygen-carrying capac-
ity in such a way that, up to about 5300 m, fully accli-
matized humans have the same oxygen content in
their blood as at sea level (Fig. 8.1).

The increased carrying capacity compensates for
the reduced oxygen saturation. This affords physiol-
ogy teachers a classical example of beneficial adapta-
tion. However, it is unlikely that the mechanism of
this adaptation evolved primarily to serve humans at
high altitude (section 8.2.1). The extent to which ben-
efit can be gained by increasing hemoglobin concen-
tration is fairly limited and indeed has been
questioned as beneficial at all (Winslow and Monge
1987, p. 203; section 8.5.4). The conclusion of a recent
study that addressed this topic was that

Under conditions where O2 supply limits maxi-
mal exercise, the increase in [Hb] with altitude
acclimatization does not improve maximal
exercise capacity or VO2max. (Calbet et al. 2002).

8.2 REGULATION OF HEMOGLOBIN
CONCENTRATION

The hemoglobin concentration and packed cell vol-
ume (PCV) depend upon the ratio of the RCM to
plasma volume (PV). These two variables are regu-
lated by different mechanisms. The rate of formation
of red cells (erythropoiesis) and their rate of loss
determine the RCM.

Red blood cells are lost by death (their natural
length of survival is about 120 days), or by hemor-
rhage. Their death can be hastened by a variety 
of pathological states such as hemolytic anemia.
Erythropoiesis can be impaired by various defi-
ciencies, such as iron or vitamin B12 (needed for
hemoglobin synthesis), or by disorders of the bone
marrow. In the absence of these, erythropoiesis is
controlled by the level of the hormone of erythro-
poietin (EPO).

8.2.1 EPO and its regulation

EPO is produced mainly in the kidney, though
10–15% of total production is in the liver (Erslev
1987). The gene coding for the hormone has been
cloned and expressed in cultured cells, allowing for
sufficient material to be produced for clinical stud-
ies. It has been shown to stimulate erythropoiesis
in patients anemic with end-stage renal failure
(Winearls et al. 1986) and is now part of standard
management for these patients.
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Figure 8.1 The oxygen content of arterial blood in an
acclimatized subject at 5300 m and at sea level.



The two classical stimuli for EPO secretion are
hypoxia and blood loss, both of which result in 
tissue hypoxia. Of the two, blood loss is probably
more important in evolutionary terms of survival
of the organism. Blood loss is a far more common
danger than is chronic hypoxia, and of course this
system is no defense against acute hypoxia. The
stimulus to EPO secretion is hypoxia at some tissue
site, probably in the kidney, possibly identical with
the site of production of the hormone. It is instruc-
tive to compare this system with another hypoxia-
sensitive system in the body, the hypoxic ventilatory
response (HVR), mediated mainly via the carotid
body:

● The HVR appears in seconds after a step change
in arterial PO2 whereas there is no detectable
rise in EPO concentration for over an hour,
114 min when exposed suddenly to 3000 m or
84 min at 4000 m (Eckardt et al. 1989).

● The carotid body is sensitive to reduction in
PO2 rather than oxygen content of the blood.
Therefore it does not respond to anemia,
whereas anemia stimulates EPO secretion.

From these observations it is assumed that, whereas
the carotid body response is to arterial PO2, the sens-
ing of PO2 for EPO secretion is at the venous or tissue
level. In patients with a reversed flow through a
patent ductus arteriosus, there is cyanosis (hypoxia)
in the lower half of the body only. These patients
have high hemoglobin concentration, indicating that
the PO2 sensor is in the lower half of the body, pre-
sumably in the kidney. Fisher and Langston (1967)
showed that EPO was produced in the juxtaglomeru-
lar apparatus in the kidney and that hypoxia was
sensed there, since the isolated dog kidney increased
its output of EPO when perfused with hypoxic
blood. The EPO gene is switched on by the hypoxia
inducible factor, HIF-1α , discussed below (section
8.4.1). It now seems that all cells are capable of sens-
ing hypoxia via HIF-1α and probably other mecha-
nisms (see section 10.4).

8.2.2 Regulation of plasma volume

The central control of PV is probably by a feedback
loop involving atrial natriuretic peptide (ANP) and
the right atrium (Laragh 1985). ANP is released in

response to stretching of the right atrium.
Physiologically, this is produced by increased right
atrial pressure. This in turn may be due to shifts of
blood volume from the periphery, mainly the lower
body, or by increase in the total blood volume (i.e.
PV). ANP causes the kidney to excrete sodium and
with it water, thus reducing the PV. This simple
feedback loop is shown in Fig. 8.2.

We can add on to this simple system a host of
other factors which affect PV (Fig. 8.3).

HYDRATION

Hydration and dehydration will obviously affect
PV, along with all other body fluid compartments.

VASCULAR CAPACITY

The vascular capacity is determined by the tone of
the vessels, especially the venous capacitance vessels
and vessels in the skin. Vessel tone, in turn, depends
on a number of factors, such as temperature and
catecholamine levels. Peripheral vasoconstriction
shifts blood from the periphery to the center, rais-
ing right atrial pressure and stimulating ANP
release. Vasodilatation has the opposite effect. A
change in vascular capacity also has a more direct
effect on PV by shifting the balance of forces in the
Starling equation. Vasodilatation will tend to
reduce the intravascular pressure, favoring inward
movement of fluid at the tissue level; vasoconstric-
tion has the opposite effect. It is this direct effect
that is depicted in Fig. 8.3.
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Figure 8.2 The regulation of plasma volume (PV) by
atrial natriuretic peptide (ANP).



OTHER FACTORS

Other factors that cause a shift of blood volume 
to the center include lying down, lower body immer-
sion and G-suits. Zero gravity experienced by astro-
nauts has a similar effect. Right atrial pressure is
raised and ANP excretion is increased. Conversely,
the upright position tends to shift volume away from
the center to the lower body, reducing right atrial
pressure and inhibiting ANP release.

ANTIDIURETIC HORMONE

Secretion of antidiuretic hormone (ADH) will result
in increased PV by retaining water, but there is
another feedback loop involving plasma osmolality
and ADH. If plasma volume increase is caused by
hydration, osmolality falls and secretion of ADH is
inhibited. A water diuresis then follows which
restores the osmolality and ADH levels rise again.
This loop is not shown in Fig. 8.3, to avoid overload-
ing the diagram.

SODIUM STATUS

The sodium status is important in determining the
PV. A high sodium intake will tend to cause water
retention and increase PV. Increase in ANP will then
compensate for this. Stimulation of the rennin–
angiotensin–aldosterone system causes sodium
retention with the same result. Renin is stimulated by
posture (the upright position) and by exercise;
though posture and exercise have effects on PV via
other mechanisms (section 8.2.3).

8.2.3 Posture and plasma volume

Seventy percent of the blood volume is below the
heart in the upright position and, of this, 75% is in
the distensible veins. On standing up, 500 mL of
additional blood enters the legs, so that reflex
tachycardia and vasoconstriction are essential to
prevent fainting. Vasoconstriction maintains the
blood pressure and reduces flow, especially to the
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skin, muscles, kidneys and viscera. The capillaries
are exposed to the hydrostatic pressure of the col-
umn of venous blood. This will tend to increase fil-
tration of fluid out of the vascular compartment,
and hemoconcentration would be expected.
Numerous investigators from Thompson et al.
(1928) onwards have confirmed these theoretical
expectations. Thompson et al. found a reduction
of plasma volume of 15% on assuming the upright
position, but the magnitude of this effect is vari-
able and is influenced by many factors, including
environmental and subject temperature, state of
hydration, etc.

The effect of posture is therefore significant and
needs to be taken into account when considering the
effect of other variables such as hypoxia or exercise
on plasma volume.

8.2.4 Exercise and plasma volume

Exercise can have an important effect on plasma
volume and hence on hemoglobin concentration
and PCV, but the effect varies according to the
intensity, duration and type of exercise. The tem-
peratures of the environment and the subject mod-
ify the effect. It is also modified by posture (section
8.2.3). This is because temperature and posture
affect the skin blood flow and hence the distribu-
tion of cardiac output to skin, working muscles,
kidneys, splanchnic area, etc. This, in turn, affects
the capillary and venous pressures in these areas
and hence the balance of forces in the Starling
equation. Many studies on the effect of exercise
have ignored the effect of posture and have taken
control samples in a different posture from exercise
samples.

Harrison (1985) has reviewed the literature
and, with a number of reservations, comes to the
conclusion that, for bicycle ergometer exercise,
there is a reduction in the PV soon after starting
exercise. This reduction is proportional to the
intensity of exercise or, more precisely, to the rise
in atrial pressure. Thereafter there is little change
with continued exercise at normal room tempera-
ture but in high temperatures there is a further
reduction in PV with time. However, these labora-
tory studies tend to look at fairly high intensity
exercise (greater than 50% VO2,max) for periods of
up to an hour or two.

Exercise on mountains is taken over periods of
many hours and may go on day after day. The avail-
ability of fluid for drinking will obviously make a
difference. If this is not available, dehydration will
certainly reduce PV, but usually fluid is available to
climbers and exercise heat stress can usually be
avoided. Under these circumstances of exercise of
8 h or more at normal climbing rates (i.e. up to
about 50% VO2,max but averaging much less) an
increase in PV is found. Pugh (1969) found an
increase in blood volume of 7% after a 28 mile hill
walk. Williams et al. (1979) found PV increased pro-
gressively for 5 days of strenuous daily hill walking
to reach a 22% expansion. Both these studies were
carried out under cold conditions and subjects
avoided both overheating and cold stress. The
changes in PV, interstitial and intracellular volumes
are shown in Fig. 8.4.

The mechanism is probably via activation of the
renin–angiotensin–aldosterone system, which results
in sodium retention and thus a general expansion of
the extracellular fluid (ECF) volume including the
PV (Milledge et al. 1982). Under these circumstances
the PCV decreased from a mean of 43.5– 37.9% after
5 days of exercise.
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Figure 8.4 The effect of five consecutive days’
strenuous hill walking on body fluid compartments. The
changes are calculated from changes in packed cell
volume, and sodium and water balances. (Reproduced
with permission from Williams et al. 1979.)



8.3 EFFECT OF ALTITUDE ON 
PLASMA VOLUME

8.3.1 Acute hypoxia and plasma volume

During the first few hours of altitude exposure the
effect on PV is variable and data are scanty. In the
field, the effect of hypoxia may be overshadowed by
that of cold, dehydration and exercise but it seems
that those subjects free from acute mountain sick-
ness (AMS) have a diuresis and contract their PV.
Singh et al. (1990) found a reduction in PV from
40.4 mL kg�1 at sea level to 37.7 mL kg�1 on day 2 at
3500 m, and 37.0 mL kg�1 on day 12. Wolfel et al.
(1991) reported similar changes in PV on ascent to
4300 m; PV fell from 48.8 mL kg�1 to 42.5 mL kg�1

on arrival at altitude and to 40.2 mL kg�1 by day 21.
Some caution must be exercised in the interpretation
of these studies in the light of a later study by
Poulson et al. (1998). They measured the change in
PV of 10 subjects on being airlifted to the Vallot
observatory (4350 m) using both the Evans’ blue and
the carbon monoxide methods. Twenty-four hours
after arrival at altitude they found the expected
reduction in PV with the carbon monoxide method
(350 mL reduction) but not with the Evans’ blue
method (30 mL reduction). A possible explanation is
that, since the Evans’ blue labels albumin, and
hypoxia induced an increase in capillary permeabil-
ity to albumin, the Evans’ blue method would have
included this extravascular pool of albumin and thus
have given a falsely high result.

Subjects with AMS have an antidiuresis and
probably expand their PV. Vigorous exercise taken
on getting up to altitude or on arrival will also result
in expansion of the PV, as it does at sea level, via the
renin–aldosterone system along with expansion of
the extravascular space. Withey et al. (1983) found
that subjects who hiked up to the Kulm Hotel on the
Gornergrat (3100 m) and continued to exercise with
hill walking thereafter, had an increased PV and
decreased haematocrit on the second day after ascent.
In this particular situation the effect of exercise over-
rode the effect of hypoxia.

Honig (1983) has reviewed the effect of acute
hypoxia on body fluid volumes, especially in animal
experiments. With exposure to moderate hypoxia
equivalent to altitudes of 3000–6000 m there is a
diuresis and natriuresis. After reviewing possible
mechanisms via effects on the cardiovascular system,

Honig presents evidence, from his own work, that
the carotid body, stimulated by hypoxia, reduces the
reabsorption of sodium by the kidney via neural
pathways. (This comprehensive review antedates the
recognition of the importance of atrial natriuretic
peptide.) From the same group a study in humans
have shown similar results (Brauer et al. 1996). They
found that after 3 h of breathing 12% oxygen, there
was the expected increase in ventilation and heart
rate but also there was an increase in filtration frac-
tion and in renal vascular resistance. There was
increased proximal and reduced distal tubular
sodium reabsorption.

8.3.2 Chronic hypoxia and 
plasma volume

After this early phase of altitude exposure, there is a
definite reduction in PV over the next few weeks.
Pugh (1964b) found a 21% reduction in PV after 18
weeks at altitudes above 4000 m in four members of
the 1960–61 Silver Hut Expedition (Fig. 8.5). During
the following 7–14 weeks the PV returned towards
control levels, values being on average 10% less than
control when corrected for changes in body weight.
Sanchez et al. (1970) found altitude residents at
Cerro de Pasco (4370 m) in Peru to have a mean PV
two-thirds that of a group of students at Lima 
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Figure 8.5 Changes in hemoglobin concentration
(Hb%), red cell volume, blood volume and plasma
volume in four subjects during the Silver Hut Expedition:
(a) after 18 weeks at between 4000 and 5800 m; (b) after
a further 3–6 weeks at 5800 m; (c) after a further 9–14
weeks at or above 5800 m. (After Pugh 1964b.)



(sea level). When allowance was made for the weight
difference of the groups they still had a PV 27% less
in a blood volume that was 14% greater.

8.3.3 Plasma volume on return to 
sea level

The PV is rapidly restored on return to sea level. In
Operation Everest III by 1–3 days after return to sea
level the PV was, on average, higher than before
altitude exposure (Robarch et al. 2000). A later
study by the same group (Robach et al. 2002) stud-
ied subjects at 4350 m and found a PV reduction of
13.6% after 7 days which was restored to control
values by the second day after return to sea level.
The mechanism was thought to be due to decreased
diuresis on return.

8.3.4 Effect of plasma volume decrease
on cardiac function and VO2,max

The result of a decrease in PV is a reduction in blood
volume until the RCM increases sufficiently to
restore it. The possibility that this reduced blood vol-
ume might contribute to the lower maximum car-
diac output and lower VO2,max was explored in two
recent studies, Operation Everest III (Robach et al.
2000) and a Danish study at Chacaltaya (5260 m) in
Chile (Calbet et al. 2004). In the earlier study, sub-
jects were studied after 10–12 days having reached at
altitude of 6000 m by a progressive increase in simu-
lated altitude in a chamber. PV had decreased 
by 26%. A maximal exercise test decreased PV fur-
ther and the intervention was to infuse a plasma
expander during the progressive exercise both at sea
level (SL) and at altitude. This lessened the PV
reduction though did not prevent it totally. There
was no effect of this intervention on VO2,max at SL
but the infusion did result in a 9% increase in VO2 at
altitude with the greatest effect being seen in subjects
with the greatest PV reduction, suggesting that the
reduced PV had some effect in reducing per-
formance. In the Danish study plasma volume was
expanded by 1 L of dextran in subjects acclimatized
for 9 weeks at 5260 m. There was no effect on maxi-
mum cardiac output or VO2,max despite maximum
oxygen transport being reduced by 19% due to
hemodilution. The same work rate and VO2 was

achieved by greater oxygen extraction by the work-
ing muscles after PV expansion. The difference in
effect of PV expansion may be due to the longer
period at altitude in the later study when perhaps the
PV had already increased. However, the result does
add evidence against any great advantage of a high
hemoglobin concentration, [Hb].

8.4 ALTITUDE AND ERYTHROPOIESIS

8.4.1 Erythropoietin, HIF-1, hypoxia and
other stimuli to production

EPO is a hormone secreted by peritubular cells in the
kidney. It is one of a number of gene products whose
transcription is stimulated by hypoxia. These include
aldolase A, enolase-1 glucose transporter-1, lactate
dehydroginase and fosphofructokinase, all involved
with glycolysis; inducible nitric oxide synthase and
heme oxygenase, involved with vasodilatation; and
vascular endothelial growth factor which promotes
angiogenesis. The link between hypoxia and the
induction of the genes for all these proteins involves
HIF-1α. HIF-1α is a nuclear factor normally pro-
duced and rapidly degraded in normoxia. In hypoxia
it accumulates and binds to the promoter part of
these genes. It was first identified as a nuclear factor
that bound to the hypoxia response element of the
EPO gene (Semenza et al. 1998). The other hypoxia-
induced genes all have similar core binding sites for
HIF-1α . For an overview of this important topic see
section 10.4.

Although hypoxia is the major stimulus to EPO
production, other stimuli have been investigated.
Exercise has been reported to increase serum
eryth-ropoietin (SiEp) (Schwandt et al. 1991) but
others have found no effect (Schmidt et al. 1991,
Bodary et al. 1999). Some forms of severe exercise
are associated with a reduction in plasma volume.
The possibility that plasma volume contraction may
stimulate EPO production was studied by Roberts 
et al. (2000). They measured SiEp before and after
supramaximal exercise and after plasma volume
reduction (5%) by plasmapheresis. Exercise resulted
in a nonsignificant rise in SiEp but after plasma vol-
ume reduction there was a significant (34%) rise in
SiEp peaking 7–24 h after plasmapheresis, despite 
a small (4%) rise in hematocrit. They suggest 
that changes in plasma volume may modulate the
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production of EPO. Another stimulant to EPO pro-
duction may be the plasma thiol–disulfide redox
state. Hildebrandt et al. (2002) showed, in a
crossover trial, that subjects when treated with N-
acetyl-cysteine, which affects the redox state, had a
much greater EPO response to 2 h of hypoxia than
after placebo treatment.

8.4.2 Altitude and serum EPO
concentration

Until about 1980, measurements of EPO in blood
were by bioassays which could not detect the hor-
mone until its concentration was above normal sea
level values. Therefore, earlier work often relied on
more indirect indices of erythropoietic activity such
as intestinal iron absorption or reticulocyte counts.
The latter is a rather late effect. Intestinal iron
absorption has been shown to be independent of
EPO and to be promoted as a direct effect of hypoxia
rather than secondary to plasma iron turnover or
erythropoietic activity (Raja et al. 1986).

On going to altitude there is an elevation of EPO
concentration in the first 24–48 h (Siri et al. 1966,
Albrecht and Little 1972). Newer methods of EPO
estimation using radioimmunoassay are sensitive 
to levels of EPO well below the normal range
(13–37 mIU mL�1). Using this type of assay it has
been found that serum immunoreactive EPO con-
centration (SiEp) begins to rise within 2 h of hypoxic
exposure, depending on the altitude (Eckardt et al.
1989), and reaches a maximum at about 24–48 h.
Thereafter, it declines to reach values not measurably
different from controls after about 3 weeks (Milledge
and Cotes 1985). This is shown in Fig. 8.6, which also
shows the rise in PCV on going to altitude. A similar
rapid rise and decline was found by Gunga et al.
(1994) at the modest altitude of 2315 m.

Intermittent hypoxia is increasingly being used
by athletes as part of their training programs.
Koistinen et al. (2000) studied the effect of 12 h
hypoxia (normobaric, 15% O2) at night for a week
on various indices of erythropoiesis and compared it
with similar but continuous hypoxia. They found it
had the same effect as continuous hypoxia, on SiEp,
reticulocyte count and transferrin receptor levels.

The rise in SiEp with altitude shows great individ-
ual variability. In a study in the Andes, Richalet et al.
(1994) found the increase to range from threefold to

134-fold in their group of subjects 1 week after
arrival at 6540 m.

Figure 8.6 also shows that, even after 3 weeks
above 4500 m, a rise in altitude to 5500 m caused
another rise in SiEp. Quite a short pulse of hypoxia
initiates a rise in SiEp, which continues after nor-
moxia is restored. For instance, 120 min breathing
10% oxygen caused SiEp to rise just after normoxia
was restored and the rise continued for a further
120 min (Knaupp et al. 1992).
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Figure 8.6 The effect of going to altitude on the serum
erythropoietin concentration. The top panel shows the
altitude/time profile for the eight subjects. The dotted
line indicates ascent above base camp between blood
samples. Note, the samples at 30 days were taken at
5500 m after four sample times at Base Camp (4500 m).
Mean packed cell volume (PCV) is shown in the center
panel and mean erythropoietin concentration in the
lower panel. C, control, sea level; K, Kashgar (1200 m); 
L, Karakol lakes (3500 m). (Reproduced with permission
from Milledge and Cotes 1985.)



It will be seen from Fig. 8.6 that PCV continues
to rise after SiEp falls to near control values. The
rise in RCM continues even longer (section 8.4.3). In
patients with polycythemia secondary to hypoxic
lung disease the SiEp was found to be within the nor-
mal range in over 50% of patients (Wedzicha et al.
1985). A continued erythropoiesis when levels of
SiEp have fallen to near control values is unexplained.

A recent study in mice at simulated altitude found
that if the increased in [Hb] is prevented by either
blood removal or treatment with a hemolytic drug,
phenylhydrazine, SiEp remained elevated for the 
10 days of the study whereas in control mice there
was the usual fall on the second and subsequent days
to levels about twice that of baseline values (Bozzini
et al. 2005). This suggests that the normal increase in
[Hb] on ascent to altitude is sufficient to relieve, to a
degree at least, the hypoxia causing the rise in SiEp.
This confirms, in very controlled conditions, an inci-
dental finding from the Sajama Expedition (Richalet
et al. 1994) that two women in the team who, during
their 10 day stay on the 6542 m summit, showed no
increase in [Hb], had a large increase SiEp compared
with the other subjects.

8.4.3 Altitude and red cell mass

The result of increased erythropoiesis at altitude is
an increase in RCM since the life span of the red cell
is unchanged (Berlin et al. 1954). Figure 8.5 shows
the rise in RCM, which is quite slow but continues
for a long time. After about 6 months at altitudes
above 4000 m it had increased by a mean of 50% in
absolute terms or 67.5% when corrected for loss of
body weight. By this time the blood volume had
increased over control by 7.3% or 22.8% corrected
for body weight (Pugh 1964a) (Fig. 8.5). Sanchez 
et al. (1970) found altitude residents in the Andes to
have a RCM 83% greater than sea level residents
when corrected for weight difference.

8.5 ALTITUDE AND HEMOGLOBIN
CONCENTRATION

8.5.1 Lowlanders going from 
sea level to altitude

The combined effect of changes in PV and RCM
results in an increase in hemoglobin concentration

[Hb]. This increase allows more oxygen to be car-
ried per liter of blood at any given oxygen satura-
tion. The price paid for this gain in oxygen capacity,
however, is an increase in viscosity of the blood
with the attendant increased risk of thrombosis
(Chapter 22).

As discussed in section 8.3, the initial rise in [Hb]
during the first few days and weeks at altitude is
largely a result of reduction in PV. The [Hb] rise is
roughly exponential with time, leveling out at about
6 weeks at a given altitude. However, after that, the
RCM continues to rise but so does the PV so that
[Hb] remains approximately constant (Fig. 8.5).

Pugh (1964c) reviewed results from five expedi-
tions (51 observations in 40 subjects) and concluded
that the [Hb] after about 6 weeks at altitude averaged
20.5 g dL�1; there was no correlation between [Hb]
and performance on the mountain. Winslow et al.
(1984), reviewing [Hb] values from the 1981
American Everest expeditions and two previous
Everest expeditions, found the range of mean values
was 17.8–20.6 g dL�1 at altitudes of 5350–6300 m,
with no correlation between altitude and [Hb]
within this altitude range.

8.5.2 Residents at altitude

Figure 8.7 shows the rise in [Hb] with altitude in
residents of high altitude from North and South
America and Asia. Andean subjects have been
reported to have values in the region of 22 g dL�1

at altitudes of 4300–4500 m (Talbott and Dill 1936,
Dill et al. 1937, Merino 1950). However, these stud-
ies may include subjects who would now be con-
sidered to have chronic mountain sickness. More
recent publications from South America give mean
values nearer 20 g dL�1 (Peñaloza et al. 1971).

In Sherpa subjects [Hb] is lower; a mean of
17 g dL�1 at 4000 m is given by Adams and Strang
(1975) and of 16.2 g dL�1 by Morpurgo et al. (1976).
In this case the possibility that some subjects may be
iron deficient cannot be ruled out. Morpurgo et al.
argue that it represents greater adaptation. It is esti-
mated that Tibetans have been resident at high alti-
tude for at lease 100 000 years, compared with about
14 000 years for Andean highlanders. However,
results in residents of the Tien Shan and Pamirs by
Son (1979) give values closer to those from South
America (Fig. 8.7) and would seem not to support
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this hypothesis. A possible explanation for the differ-
ence between Andean residents on the one hand and
Sherpas and Tien Shan/Pamir residents on the other
is that the latter move up and down in altitude more
frequently than do Andean altitude dwellers on the
altiplano. However, recent studies (below) showing
Tibetan populations to have lower [Hb] than
Andean populations suggest there may be a genetic
explanation.

A study from Tibet (Beall et al. 1987) demon-
strated a hemoglobin concentration of 18.2 g dL�1

in male and 16.7 g dL�1 in female subjects resident
at an altitude of 4850–5450 m, a value substantially
lower than most results from the Andes at compara-
ble altitude. A later study by the same group (Beall 
et al. 1998) confirms this impression. In this study
the same investigators using the same methods stud-
ied highland populations at altitude in Tibet and

Bolivia. They found Tibetans had significantly lower
hemoglobin concentration than the Bolivian high-
landers (15.6 compared to 19.2 g dL�1). They found
that genetic factors accounted for a very high pro-
portion of the phenotypic variance in hemoglobin
concentration in both samples. This more recent
study is in line with that of Winslow et al. (1989)
who compared Himalayan natives (Sherpas) to high
altitude Andean natives at similar altitudes in
Khundi, Nepal and Ollague (Chile) at 3700 m. Mean
PCV values in Nepal were significantly lower than in
Chile (48.4 compared with 52.2 g dL�1). They also
found serum Epo concentrations to be higher in the
Andean population, indicating that they were func-
tionally anemic even with the higher PCV!

White people resident in high altitude towns in
Colorado and acclimatized climbers tend to have
lower hemoglobin concentration than Andeans
but higher than Central Asian residents (Fig. 8.7).

A recent very large study (n � 5887) by Wu et al.
(2005) from north-west China and Tibet confirmed
previous work that showed differences between low-
landers, Han Chinese, at altitude for many years and
Tibetans (Fig 8.7). The rise in [Hb] with altitude in
Han Chinese follows the same line as that given by a
regression equation derived from the literature for
North and South American populations at various
altitudes. This rise is 1 g dL�1 for every 1100 m
increase in altitude (y � 1.1x � 14.0 when altitude is
given in kilometers). The Tibetans on the other hand
had significantly lower [Hb] showing only a very
small rise with altitude increase from 3813 to
5200 m. Wu et al. also looked at the difference
between men and women and the effect of age on
[Hb]. These aspects will be discussed in Chapters 25
and 26, respectively. It seems therefore that Tibetans
do have significantly lower [Hb] than other popula-
tions at altitude presumably due to genetic adapta-
tion over many generations.

Ethiopian residents at an altitude of 3530 m were
studied by Beall et al. (2002) and found to have [Hb]
of 15.9 and 15 g dL�1 for males and females respec-
tively, similar to or slightly higher than Tibetan val-
ues at that altitude.

8.5.3 Polycythemia of high altitude

Excessive rise of [Hb] (i.e. above 22 g dL�1) is gen-
erally considered to be pathological and diagnostic
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Figure 8.7 The effect of altitude on hemoglobin
concentration in male residents at altitude: �, from the
Tien Shan; �, from Colorado mining camps; �, from
south Indian hill towns; �, from the Andes; �,
from Nepal (Sherpas); �, climbers after 3 months or more
at altitude. Data from Altman and Dittmer (1966) � from
Tibetans. The line is the best fit line from the literature for
males at various altitudes in North and South America
(from Wu et al. 2005).



of chronic mountain sickness (Chapter 21). Both
people native to high altitude and lowlanders resi-
dent at high altitude for some years are at risk of
developing this condition. Huang et al. (1984) report
that Han Chinese lowlanders resident on the Tibetan
plateau have a higher incidence of this polycythemia
than Tibetans.

8.5.4 Optimum hemoglobin
concentration

An increase in [Hb] increases the oxygen-carrying
capacity of blood. The oxygen content of the blood
is the product of capacity and saturation (Sa,O2)
plus the dissolved oxygen. Thus the increase in [Hb]
with altitude compensates for a reduction in arterial
Sa,O2. At altitudes up to about 5300 m this com-
pensation results in an arterial oxygen content
approximately equal to that at sea level in those who
are acclimatized (Fig. 8.1). However, increasing
[Hb] results in increasing viscosity (Guyton et al.
1973). This increase in viscosity is curvilinear so
that, with [Hb] above about 18 g dL�1, viscosity
increases rapidly. Eventually, this increased viscos-
ity increases resistance in both systemic and 
pulmonary circulation, so impeding blood flow,
and cardiac output falls. Oxygen supply to the tis-
sues depends upon oxygen delivery, which is the
product of arterial oxygen content and cardiac
output.

These considerations result in the concept of an
optimum [Hb] below which oxygen delivery is
reduced because of reduction in oxygen content, and
above which it is reduced because the great increase
in viscosity causes a reduction in cardiac output
which more than offsets the increase in content. The
major problem in calculating what should be the
value of this optimum [Hb] is the viscosity of
blood and its effect on cardiac output. Since blood
is a non-Newtonian fluid (a fluid whose viscosity is
not constant at all shear rates), a single value for
viscosity cannot be assigned to it at any given [Hb].
The value will vary according to the way it is meas-
ured in vitro. In vivo the effect on resistance will
vary according to the diameter of the vessel under
consideration as well as to whether flow is stream-
lined or turbulent. Apparent resistance will also vary
with flow. If we ignore the physics and just look at
the effect of changing [Hb] on cardiac output in

acute animal experiments, these may not reflect
the human situation at altitude where the vascular
system has time to adapt to the polycythemia. The
situation is so complex that it is clearly impossible,
on theoretical grounds, to predict an optimum
[Hb]. Another factor affecting the apparent viscos-
ity is the deformability, or filterability, of the red
cells. A study by Simon-Schnass and Korniszewski
(1990) addressed this and concluded that altitude
exposure resulted in an impaired filterability of red
cells which was prevented by the administration of
vitamin E.

From clinical experience, it seems that the
extremely high [Hb] found in chronic mountain
sickness (Chapter 21) and in some patients 
with chronic hypoxic lung disease is deleterious.
Hemodilution by venesection alone or with intra-
venous fluid replacement results in clinical improve-
ment. In such patients reduction of PCV from 61 to
50% resulted in a decrease in pulmonary artery pres-
sure and resistance (Weisse et al. 1975). Similarly,
Winslow et al. (1985) found in Andean high altitude
residents that reduction of PCV from 62 to 42%
resulted in increased cardiac output and mixed
venous PO2. Willison et al. (1980) found that reduc-
ing the PCV from 54 to 48% in patients resulted in
an increase of cerebral blood flow from 44 to 57 mL
min�1 100 g�1 brain tissue. This would increase oxy-
gen delivery to the brain by 15% and was accompa-
nied by an increase in alertness.

In a study of climbers at altitude by Sarnquist 
et al. (1986) it was found that hemodilution pro-
duced no improvement or deterioration in meas-
ured physical performance, though there was a
small, significant improvement in psychomotor
tests. However, the subjects studied, though having
the highest PCV in the expedition, were not very
polycythemic. Their PCV ranged from 57 to 60%
before hemodilution.

There is no obvious correlation between climbing
performance and [Hb] within the range of values
common on an expedition, at about 17–22 g dL�1

(Pugh 1964c). Indeed it is usual to find that
climbers who perform best are at the lower end of
this range, suggesting that the optimum [Hb] at
altitudes above about 5000 m is in the region of
18 g dL�1. Winslow and Monge (1987, p. 203) con-
clude that ‘Excessive polycythemia serves no useful
purpose. Indeed, it is doubtful whether there is any
physiologic value in “normal” polycythemia.’
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A recent study using mathematical modeling
techniques even came to the conclusion that, at
moderate altitude, at rest, a [Hb] of 14.7 was opti-
mum (Villafuerte et al. 2004). Of course, a rather
higher value may be better for exercise perfor-
mance. The problem of excessive erythropoiesis in
chronic mountain sickness is further discussed in
Chapter 21.

8.5.5 Effect of blood boosting on
performance at sea level and altitude

At sea level there is little doubt that blood boosting
(doping) by auto or hetero-infusion or by use of
EPO has a significant effect in improving perfor-
mance, as measured by VO2,max, and endurance.
This is due to the increased oxygen-carrying capac-
ity achieved by increasing the red cell mass by these
maneuvers and hence the [Hb]. There have been
numerous studies to show this improved athletic
performance in middle distance running, cycling
and skiing, of which that by Ekblom et al. (1972)
was probably the first. He showed that increasing the
[Hb] by 13% by re-infusion of autologous blood,
there was an increase in physical performance capac-
ity (work time at a standard rate) of 23% and an
increase in VO2,max of 9%. The improvement in per-
formance correlated with the increase in [Hb]. Buick
et al. (1980) found similar results in their subjects
who had genuine re-infusions but not in the group
who had sham infusions thus eliminating the pos-
sibility of a psychological effect. Of course, the prac-
tice is illegal in sport. A recent review of the topic 
(Leigh-Smith 2004) summarizes the history, tech-
niques, effects and side effects of the practice. After
discussing the measures to combat this illegal prac-
tice, he concludes that, ‘Far from being consigned to
the history books, blood boosting may still be a cur-
rent topic worthy of a sports physician’s attention’.

However, at altitude the situation is less clear.
Young et al. (1996) found no significant benefit
from re-infusion of 700 mL of autologous blood in
subjects at 4300 m, though mean values for VO2,max

were slightly higher on day 1 at altitude in the test
subjects. In a further study by Pandolf et al. (1998)
they found no significant improvement in time for
a 3.2 km run in subjects infused with 700 mL 
of autologous blood. They suggest that the effect

diminishes with increasing altitude and quote 
earlier work supporting that concept. More
recently, Lundby and Damsgaard (2006) increased
[Hb] by 16% by treating their subjects with a new
form of Epo. They tested them whilst breathing
12.4% oxygen mixture (altitude equivalent
4100 m) before and after the month long treat-
ment. They thus produced raised [Hb] without
other changes in acclimatization. The treatment
increased oxygen-carrying capacity as expected but
did not increase VO2,max. They point out that, at
least at altitudes above about 3500 m, it has been
shown that acclimatization does not increase
VO2,max despite a rise in [Hb]. At submaximal exer-
cise acclimatization may well result in an increase
in performance, in that endurance may be
increased (Maher et al. 1974). This is certainly felt
to be true by climbers at altitude. It is not at all
clear why submaximal exercise performance is
increased by acclimatization, whilst VO2,max is
unchanged.

8.5.6 Hemoglobin concentration on
descent from altitude

On descent from altitude arterial oxygen saturation
will return to the normal 96–98% and this, together
with the now raised [Hb], might be expected to
inhibit EPO secretion. However, Milledge and Cotes
(1985) reported that levels were 66% of control val-
ues 8 h and 20 h after descent following 2 months at
or above 4500 m. This reduced EPO level presum-
ably is sufficient to reduce erythropoiesis since [Hb]
declines after descent and [Hb] reaches normal sea
level values after about 6 weeks (Heath and Williams
1995, pp. 61–3). However, as well as low EPO levels
reducing the rate of red cell production, a recent
study (Rice et al. 2001) of hematological values of
high altitude residents descending to sea level found
evidence of neocytolysis. Neocytolysis is the process
by which young red blood cells are selectively
hemolyzed, allowing rapid reduction in RCM. The
process was first observed in astronauts. On enter-
ing micro gravity their plasma volume decreases
and the haematocrit rises, erythropoietin decreases
and reduction of red cell mass follows with neocyto-
lusis. The process may be triggered by the fall in
EPO concentration below a critical threshold.
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8.6 PLATELETS AND CLOTTING AT
ALTITUDE

The physiological response to hypoxia does not seem
to involve any important changes in platelet count or
adhesiveness, or in clotting factors. However, there
may be changes associated with acute mountain
sickness (AMS), high altitude pulmonary or cere-
bral edema. If there are changes in clotting factors,
they may represent an effect or a complication of
the altitude illness rather than being essential in its
genesis.

8.7 WHITE BLOOD CELLS

There seem to be variable changes in total white cell
and differential count on going to altitude. One

study reported a rise in granulocyte count on ascent
to 4300 m (Simon-Schnass and Korniszewski 1990)
and another, an increase in certain lymphocyte sub-
sets. CD16+ or natural killer cells were particularly
increased in seven subjects in a decompression
chamber at 380 mmHg (Klokker et al. 1993). There
is anecdotal evidence that infections in the skin and
subcutaneous tissues are slow to clear at altitude.
One could speculate that the above finding might
have a bearing on this.
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SUMMARY

Alterations of the oxygen affinity of hemoglobin can
alter the oxygen dissociation curve at high altitude
and therefore affect oxygen transport by the blood.
Many animals that live in oxygen deprived environ-
ments have high oxygen affinities of their hemoglo-
bin. This is the case in the human fetus. It is
interesting that climbers at extreme altitude increase
their oxygen affinity by extreme hyperventilation
which causes a marked respiratory alkalosis. The
effect of the alkalosis overwhelms the small decrease
in oxygen affinity caused by the increased concentra-
tion of 2,3-diphosphoglycerate in the red blood cells.
The P50 of high altitude natives is essentially the same
as the sea level value according to most studies.
However, lowlanders living at high altitude for weeks
tend to have a reduced P50, indicating an increased
oxygen affinity of hemoglobin. An increased oxygen
affinity is advantageous at high altitude because it
assists in the loading of oxygen by the pulmonary
capillaries. The acid–base status of high altitude
natives is a little controversial but many studies have
found a normal arterial pH, indicating a fully com-
pensated respiratory alkalosis. However, acclimatized
lowlanders usually have a slightly alkaline pH, indi-
cating that metabolic compensation is not complete.
There is evidence that at extreme altitude, metabolic
compensation for the respiratory alkalosis is slow,
possibly because of chronic volume depletion caused
by dehydration.

9.1 INTRODUCTION

Physiological changes in the blood play an important
role in acclimatization and adaptation to high alti-
tude. In this chapter, the main topics considered 
are the changes in oxygen affinity of hemoglobin,
and the alterations of the acid–base status of the
blood. The increase in red cell concentration of the
blood was discussed in Chapter 8, where the regula-
tion of erythropoiesis was described. Some of the
consequences of an altered oxygen affinity of hemo-
globin are alluded to in other chapters, especially
Chapter 6 on diffusion of oxygen across the blood-
gas barrier, and Chapter 12 on limiting factors at
extreme altitude.

9.2 HISTORICAL

9.2.1 Oxygen dissociation curve

The honor of plotting the first oxygen and carbon
dioxide dissociation curves apparently belongs to
Paul Bert. In his monumental book La Pression
Barométrique he reported the relationships between
partial pressure and blood gas concentration for both
oxygen and carbon dioxide as experimental animals
were exposed to lower and lower barometric pres-
sures, or as they were gradually asphyxiated by
rebreathing in a closed space (Bert 1878, pp. 135–8 in
the 1943 translation). However, he did not discover



the S-shaped curve for oxygen because he did not
reduce the PO2 far enough.

The first oxygen dissociation curve over its
whole range was published by Christian Bohr in
1885. The measurements were made on dilute solu-
tions of hemoglobin and showed precise hyperbo-
las (Bohr 1885). They were clearly not compatible
with the data obtained by Bert in experimental ani-
mals, although Bohr did not comment on this.
Hüfner (1890) published similar curves for hemo-
globin solutions and argued that a hyperbolic shape
would be expected from the simple equation

Hb � O2 : HbO2

An important advance was made by Bohr when
he used whole blood rather than hemoglobin solu-
tions and this led him to the discovery of the now
familiar S-shaped curve. In the following year he
showed, in collaboration with Hasselbalch and
Krogh, that the dissociation curve was shifted to the
right when the PCO2 of the blood was increased, a
phenomenon which came to be known as the Bohr
effect (Bohr et al. 1904). A few years later, Barcroft
found that the addition of acid displaced the dis-
sociation curve to the right (Barcroft and Orbeli
1910), and also that an increase in temperature had
the same effect (Barcroft and King 1909). Astrup
and Severinghaus (1986) wrote a valuable historical
review of blood gases and acid–base balance.

Soon after these important modulators of the
oxygen affinity of hemoglobin were discovered, phys-
iologists wondered about their importance at high
altitude. For example, when Barcroft accompanied
the first international high altitude expedition to
Tenerife in 1910 he made a special study of the posi-
tion of the oxygen dissociation curve, expecting it to
be displaced to the left by the low arterial PCO2. In the
event, he found that the oxygen dissociation curves
of some members of the expedition at 2130 and
3000 m were shifted to the right when measured at
the normal sea level PCO2 of 40 mmHg. However,
when he repeated the equilibrations at the subjects’
actual PCO2 at altitude, the positions of the curves
were essentially the same as at sea level (Barcroft
1911). He concluded that the decrease in carbonic
acid in the blood was compensated for by an increase
in some other acid, possibly lactic acid. One year later
Barcroft went to Mosso’s laboratory, the Capanna
Regina Margherita on Monte Rosa (4559 m), and

reported a slight excess acidity of the blood at that
altitude (Barcroft et al. 1914).

Some 10 years later, during the 1921–22 Interna-
tional High Altitude Expedition to Cerro de Pasco in
Peru, Barcroft and his colleagues found an increased
oxygen affinity in acclimatized lowlanders as a
result of the increased alkalinity of the blood. It also
appeared that the increase in affinity was greater than
could be explained by the change in acid–base status
(Barcroft et al. 1923).

The question of oxygen affinity of hemoglobin
was examined again on the International High
Altitude Expedition to Chile in 1935. It was found
that the ‘physiological’ dissociation curves (that is,
measured at a subject’s own PCO2) were displaced
slightly to the left of the sea level values up to about
4270 m, but above that altitude, the curves were dis-
placed increasingly to the right of the sea level posi-
tions (Keys et al. 1936). Measurements of oxygen
affinity of the hemoglobin were also made at con-
stant pH and these showed a uniform tendency to a
decreased affinity. The investigators argued that this
rightward shift of the curve might be advantageous
at high altitude because it would facilitate oxygen
unloading to the tissues.

An important discovery was made in 1967 by
two groups working independently (Benesch and
Benesch 1967, Chanutin and Curnish 1967) that a
fourth factor (in addition to PCO2, pH and temper-
ature) had an important effect on the oxygen affin-
ity of hemoglobin. This was the concentration of
2,3-diphosphoglycerate (2,3-DPG) within the red
cells. This unexpected development raised doubts
about much of the earlier work where this impor-
tant factor had not been controlled, and it was
shown that 2,3-DPG was depleted when blood was
stored. It was subsequently shown that 2,3-DPG
increased at high altitude (Lenfant et al. 1968) and
it was argued that the resulting decrease in oxygen
affinity, which facilitated unloading of oxygen in
the tissues, was an important part of the adapta-
tion process (Lenfant and Sullivan 1971).

Until recently, relatively little information was
available on the oxygen affinity of hemoglobin at
extreme altitudes. A few measurements from the
Silver Hut expedition of 1960–61 showed that low-
landers who were well acclimatized to 5800 m had an
almost fully compensated respiratory alkalosis (West
et al. 1962). Data above this altitude did not exist.
It was therefore astonishing to find on the 1981
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American Medical Research Expedition to Everest
that climbers near the summit apparently had an
extreme degree of respiratory alkalosis which greatly
increased the oxygen affinity of their hemoglobin.
The arterial pH of Pizzo on the Everest summit
exceeded 7.7 as determined from the alveolar PCO2

and base excess, both of which were measured 
(section 9.4.4).

9.2.2 Acid–base balance

Turning now to the early history of acid–base balance
at high altitude, it is clear from the above that this
overlaps considerably with a discussion of oxygen
affinity of hemoglobin. However, the reaction of the
blood (as it was called) at high altitude created a great
deal of interest in its own right. Indeed, the acid–base
status of the blood played an important role in early
theories of the control of breathing at high altitude
(Kellogg 1980). As long ago as 1903, Galeotti stud-
ied various experimental animals taken to Mosso’s
Capanna Margherita laboratory on Monte Rosa, and
found that the amount of acid needed to bring their
hemolyzed blood to a standard pH (determined
from litmus paper) was decreased compared with sea
level (Galeotti 1904). He interpreted this decrease 
in titratable alkalinity to mean that there was an
increase in some acid substance in the blood. It was
known that hypoxia caused lactic acid production
(Araki 1891) and that acid blood stimulated breath-
ing (Zuntz et al. 1906). It was therefore natural to
conclude that this explained the hyperventilation of
high altitude, and that the PCO2 fell as a consequence
(Boycott and Haldane 1908). Winterstein (1911) for-
mulated what became known as the ‘reaction theory’
of breathing, which stated that the effects of both
hypoxia and carbon dioxide as stimulants of ventila-
tion could be explained by the fact that they both
acidified the blood.

The correct explanation of how hypoxia stim-
ulates ventilation at high altitude had to wait for dis-
covery of the peripheral chemoreceptors by Heymans
and Heymans (1925). Meanwhile Winterstein (1915)
provided evidence against his own theory when he
showed that, in acute hypoxia, the blood becomes
alkaline rather than acid.A few years later, Henderson
(1919) and Haldane et al. (1919) correctly explained
the alkalinity as being secondary to the lowered PCO2

caused by hyperventilation. Nevertheless, it is true

that even today the control of ventilation during
chronic hypoxia is a subject of intense research
(Chapter 5) and interest still remains in the acid–base
status of the extracellular fluid (ECF) which forms
the environment of the central chemoreceptors.

9.3 OXYGEN AFFINITY OF HEMOGLOBIN

9.3.1 Basic physiology

Figure 9.1 shows the oxygen dissociation curve of
human whole blood and the four factors that shift
the curve to the right, that is decrease the affinity of
hemoglobin for oxygen. These four factors are
increases in PCO2, hydrogen ion concentration, tem-
perature and the concentration of 2,3-DPG in the
red cells. Increasing the ionic concentration of the
plasma also reduces oxygen affinity.

Almost all of the change in oxygen affinity caused
by PCO2 can be ascribed to its effect on hydrogen ion
concentration, although a change in PCO2 has a small
effect in its own right (Margaria 1957). The mecha-
nism of the alteration of oxygen affinity through
hydrogen ion concentration (Bohr effect) is by a
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change in configuration of the hemoglobin mole-
cule which makes the binding site less accessible to
molecular oxygen as the hydrogen ion concentra-
tion is raised. The molecule exists in two forms: one
in which the chemical subunits are maximally
chemically bonded (T form), and another in which
some bonds are ruptured and the structure is
relaxed (R form). The R form has a higher affinity
for oxygen because the molecule can more easily
enter the region of the heme. The approximate mag-
nitudes of the effects of change in PCO2 and pH on
the oxygen dissociation curve are shown in the right
insets of Fig. 9.1.

An increase in temperature has a large effect on
the oxygen affinity of hemoglobin, as shown in the
top inset of Fig. 9.1. The temperature effect follows
from thermodynamic considerations: the combina-
tion of oxygen with hemoglobin is exothermic so
that an increase in temperature favors the reverse
reaction, that is dissociation of the oxyhemoglobin.

The compound 2,3-DPG is a product of red cell
metabolism, as shown in Fig. 9.2. An increased con-
centration of this material within the red cell reduces
the oxygen affinity of the hemoglobin by increasing
the chemical binding of the subunits and converting
more hemoglobin to the low affinity T form.

A useful number to describe the oxygen affinity
of hemoglobin is the P50, that is the PO2 when 50%
of the binding sites are attached to oxygen. The 
normal value for adult whole blood at a PCO2 of
40 mmHg, pH 7.4, temperature 37°C, and normal
2,3-DPG concentration is 26–27 mmHg. Human
fetal blood has a P50 of about 19 mmHg mainly

because the substitution of serine for histidine in
one of the globin chains reduces the affinity for 2,3-
DPG. An increase of 2,3-DPG within the red cell
increases the P50 by about 0.5 mmHg mol�1 of 2,3-
DPG. The magnitude of the Bohr effect is usually
given in terms of the increase in log P50 per pH unit.
The normal value for human blood is 0.4 at con-
stant PCO2. Note that although historically the ‘Bohr
effect’ referred to the change in affinity caused by
PCO2, in modern usage the term is restricted to the
effect of pH. The temperature effect is 0.24 for the
change in log P50 (mmHg °C�1).

Much can be learned about the effect of changes
in the oxygen affinity of hemoglobin on the physi-
ology of high altitude by modeling the oxygen
transport system using computer subroutines for
the oxygen and carbon dioxide dissociation curves
(Bencowitz et al. 1982). Kelman described useful
subroutines for the oxygen dissociation curve
(Kelman 1966a,b) and the carbon dioxide dissocia-
tion curve (Kelman 1967). The practical use of these
procedures has been described (West and Wagner
1977). These procedures are able to accommodate
changes in PCO2, pH, temperature and 2,3-DPG con-
centration, and allow the investigator to answer
questions about the interactions of these variables
which would otherwise be impossibly complicated.

9.3.2 Animals native to high altitude

It has been known for many years that animals that
live at high altitude tend to have an increased oxygen
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affinity of their hemoglobin. Figure 6.6 shows part
of the oxygen dissociation curves of the vicuna and
llama which are native to high altitude in the South
American Andes (Hall et al. 1936). The diagram also
shows the range of dissociation curves for eight low-
land animals including humans, horse, dog, rabbit,
pig, peccary, ox and sheep. It can be seen that the
hemoglobin of high altitude native animals has a
substantially increased oxygen affinity. This adapta-
tion to high altitude is of genetic origin, as is shown
by the fact that a llama brought up in a zoo at sea
level has the same high oxygen affinity.

High altitude birds also have high oxygen affinities
for hemoglobin. Hall and his colleagues (1936), dur-
ing the 1935 International High Altitude Expedition
to Chile, reported that the high altitude ostrich and
huallaga have higher oxygen affinities than a group of
six lowland birds including the pigeon, muscovy
duck, domestic goose, domestic duck, Chinese pheas-
ant and domestic fowl. A particularly interesting
example is the bar-headed goose which is known to
fly over the Himalayan ranges as it migrates between
its breeding grounds in Siberia and its wintering
grounds in India. This remarkable animal has a blood
P50 about 10 mmHg lower than its close relatives
from moderate altitudes (Black and Tenney 1980).

Deer mice, Peromyscus maniculatus, show the
same relationships. A study was carried out on 10
subspecies that live at altitudes from below sea level
in Death Valley in California to the high mountains
of the nearby Sierra Nevada (4350 m), and it was
found that there was a strong correlation between
the habitat altitude and the oxygen affinity of the
blood. The genetic source of this relationship was
proved by moving one subspecies to another loca-
tion and showing that the oxygen affinity was
unchanged. Moreover, the relationship persisted in
second generation animals (Snyder et al. 1982).

9.3.3 Animals in other oxygen deprived
environments

High altitude is just one of the oxygen deprived
environments in which animals are found, and it is
interesting to consider the variety of strategies that
have been adopted to mitigate the problems posed
by oxygen deficiency. Table 6.1 shows examples of
some of the strategies that have been adopted
through genetic adaptation. The change in amino
acid sequence in the globin chain of hemoglobin in

the human fetus has already been referred to. This
is also seen in the bar-headed goose. The next two
groups increase the oxygen affinity of their hemo-
globin by decreasing the concentration of organic
phosphates. This is done with 2,3-DPG in the fetus
of the dog, horse and pig, and by decreasing the
concentration of ATP in the trout and eel.

Some species of tadpoles that frequently live in
stagnant pools have a high oxygen affinity hemo-
globin, whereas the adult frogs produce a different
type of hemoglobin with a lower affinity that fits
their higher oxygen environment. Note also that the
tadpole blood shows a smaller Bohr effect. This is
useful because low oxygen and high carbon dioxide
pressures are likely to occur together in stagnant
water, and a large Bohr effect would be disadvan-
tageous because it would decrease the oxygen affinity
of the blood when a high affinity was most needed.

As indicated earlier, the human fetus also has a
high oxygen affinity by virtue of its fetal hemoglo-
bin. This is essential because the arterial PO2 of the
fetus is less than 30 mmHg. Indeed the human fetus
and the adult climber on the summit of Mount
Everest have some similar features in that in both
cases the arterial PO2 is extremely low, and the P50 of
the arterial blood (at the prevailing pH) is also very
low (section 9.4.4).

A particularly interesting example of an unusual
human hemoglobin was described by Hebbel et al.
(1978). The authors studied a family in which two of
the siblings had a mutant hemoglobin (Andrew-
Minneapolis) with a P50 of 17.1 mmHg. They
showed that the siblings with the abnormal hemo-
globin tolerated exercise at an altitude of 3100 m bet-
ter than the normal siblings.

The last row in Table 6.1 refers to the climber at
extreme altitude who has a marked respiratory alka-
losis which greatly increases the oxygen affinity of
the hemoglobin. This is discussed in detail below.

9.3.4 High altitude natives

Barcroft et al. (1923) measured the oxygen dissoci-
ation curves of three natives of Cerro de Pasco
(4330 m) in Peru at the prevailing PCO2 (25–
30 mmHg) and showed that the curves were dis-
placed to the left, i.e. there was an increased oxygen
affinity. A similar result was found in acclimatized
members of the expedition. Barcroft (1925) believed
that part of the leftward shift was caused by
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increased alkalinity of the blood, but part was also
due to an intrinsic change in the affinity of hemo-
globin.

During the International High Altitude
Expedition to Chile in 1935, a number of measure-
ments were made on high altitude natives who were
living at 5340 m (PB 401 mmHg). Some of the men
were accustomed to working each day at 5700 m.
The dissociation curves were found to be within
normal limits for men at sea level, or perhaps shifted
slightly to the right (Keys et al. 1936). Measurements
were also made on dilute solutions of hemoglobin
taken both from high altitude residents and from
acclimatized lowlanders (Hall 1936). The results
were very similar to those obtained at sea level but
the high altitude residents seemed to have a slightly
reduced oxygen affinity.

Aste-Salazar and Hurtado (1944) measured the
oxygen dissociation curves of 17 healthy Peruvians
in Lima at sea level and 12 other permanent residents
of Morococha (4550 m). These studies were subse-
quently extended to a total of 40 subjects in Lima
and 30 in Morococha (Hurtado 1964). The mean
value of the P50 at pH 7.4 was 24.7 mmHg at sea level
and 26.9 mmHg at high altitude (Fig. 9.3). It was
argued that the rightward displacement of the curve
would enhance the unloading of oxygen from the
peripheral capillaries.

More recently Winslow and his colleagues (1981)
reported oxygen dissociation curves on 46 native
Peruvians in Morococha (4550 m, PB 432 mmHg)
and confirmed that at pH 7.4 the P50 was signifi-
cantly higher in the high altitude population than in
the sea level controls (31.2 mmHg as opposed to
29.2 mmHg, p � 0.001). However, these investiga-
tors also found that the acid–base status of the high
altitude subjects was that of a partially compensated
respiratory alkalosis with a mean plasma pH of 7.44.
When the P50 values were corrected to the subjects’
actual plasma pH, the mean value of 30.1 mmHg
could no longer be distinguished from that of the
sea level controls (Fig. 9.4). The conclusion was that
the small increase in P50 resulting from the increased
concentration of 2,3-DPG in the red cells was offset
by the mild degree of respiratory alkalosis, with the
net result that the position of the oxygen dissocia-
tion curve was essentially the same as that in sea
level controls.

In a controversial study Morpurgo et al. (1976)
reported that Sherpas living permanently at an

altitude of 4000 m in the Nepalese Himalayas had a
substantially increased oxygen affinity at standard
pH. However a subsequent study by Samaja et al.
(1979) failed to confirm this provocative finding.
Samaja et al. also showed that the oxygen affinity
could be completely accounted for by the known
effectors of hemoglobin function: pH, PCO2, 2,3-
DPG and temperature.

9.3.5 Acclimatized lowlanders

As discussed in section 9.2, Barcroft (1911) was per-
haps the first person to measure the position of the
oxygen dissociation curve in acclimatized lowland-
ers. This was done at altitudes of 2130 and 3000 m
on Tenerife, and he reported that the curve was
shifted to the right if measured at the normal PCO2

of 40 mmHg, but if the PCO2 for those altitudes was
used, the curves had the same position as at sea level.
Barcroft made additional measurements on Monte
Rosa in 1911 (Barcroft et al. 1914) and reported a
slight rightward shift of the curves at the prevailing
PCO2. However, during the expedition to Cerro de
Pasco in 1922, a leftward shift was observed at the
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Figure 9.3 Mean positions of the oxygen dissociation
curves of Peruvians in Lima (sea level) and Morococha
(4540 m). Note that the high altitude natives have a
slightly reduced oxygen affinity. Mean values of the PO2

in arterial (A) and mixed venous (V) blood for the two
groups are also shown. (From Hurtado 1964.)



prevailing arterial PCO2 of 25–30 mmHg (Barcroft 
et al. 1923). They made the point that this might be
beneficial because of enhanced oxygen uptake in the
lung owing to the increased oxygen affinity of the
hemoglobin.

During the International High Altitude Expedi-
tion to Chile 1935, three ways of measuring the
oxygen affinity of the hemoglobin were employed:
whole blood at a normal pH, whole blood at the
prevailing pH, and dilute solutions of hemoglobin.
At constant pH, Keys et al. (1936) reported that the
oxygen affinity of the hemoglobin was apparently
slightly reduced with a change in P50 of approxi-
mately 3.5 mmHg. However, the ‘physiological’ dis-
sociation curves were displaced to the left from sea

level up to an altitude of approximately 4270 m,
though above that they were displaced increasingly
to the right of the sea level positions. On dilute
hemoglobin solutions, Hall (1936) showed that the
oxygen affinity of the hemoglobin was essentially
unchanged compared with sea level.

These somewhat confusing results were clarified
when the role of 2,3-DPG in the red cell was appre-
ciated (Benesch and Benesch 1967, Chanutin and
Curnish 1967). It was shown that this normal prod-
uct of red cell metabolism reduced the oxygen affin-
ity of hemoglobin, and it was then clear that many
previous measurements were unreliable because of
ignorance of this factor. Lenfant and his colleagues
(Lenfant et al. 1968, 1969, 1971) showed that the
concentration of 2,3-DPG was increased in low-
landers when they became acclimatized to high
altitude. The primary cause of the increase in 2,3-
DPG was the increase in plasma pH above the nor-
mal sea level value as a result of the respiratory
alkalosis. When subjects were made acidotic with
acetazolamide there was no increase in plasma pH
or red cell 2,3-DPG concentration at high altitude,
and the oxygen dissociation curve did not shift to
the right. It was argued that the increase in 2,3-
DPG was an important feature of the acclimatiza-
tion process of lowlanders and of the adaptation to
high altitude of highlanders (Lenfant and Sullivan
1971). Treatment with erythropoietin is known to
increase 2,3-DPG levels in red cells at sea level
(Birgegard and Sandhagen 2001).

Subsequent measurements on lowlanders at high
altitude have confirmed these changes, although
there is still some uncertainty about whether accli-
matized lowlanders develop complete metabolic
compensation for their respiratory alkalosis (that is,
whether the pH returns to 7.4). Certainly this does
not happen at extremely high altitudes. During 
the 1981 American Medical Research Expedition to
Everest, Winslow et al. (1984) made an extensive
series of measurements on acclimatized lowlanders
at an altitude of 6300 m. They also obtained data 
on two subjects who reached the summit (8848 m).
These measurements were made on venous blood
samples taken at an altitude of 8050 m the morning
after the summit climb. Winslow and his colleagues
found that the red cell concentration of 2,3-
DPG increased with altitude (Fig. 9.5) and that this
was associated with a slightly increased P50 value
when expressed at pH 7.4. However, because the 

Oxygen affinity of hemoglobin 123

8

6

4

2

12

10

8

6

4

2

10

8

6

4

2

26 28 30 32 34 36
P50 (mmHg)

N
um

be
r 

of
 s

ub
je

ct
s

Morococha
(in vivo pH)

Sea level

Morococha
(pH 7.4)

Figure 9.4 Distribution of P50 values at sea level and
high altitude. In the top panel, values are expressed 
at the in vivo pH; in the bottom at pH 7.4. When
corrected for the subjects’ plasma pH, the in vivo P50 at
high altitude falls in the sea level range in all but one
subject. (From Winslow et al. 1981.)



respiratory alkalosis was not fully compensated, the
subjects’ in vivo P50 at 6300 m (27.6 mmHg) was
slightly less than at sea level (28.1 mmHg). The esti-
mated in vivo P50 was found to become progressively
lower at 8050 m (24.9 mmHg), and on the summit at
8848 m it was as low as 19.4 mmHg in one subject.
Thus these data show that, at extreme altitudes, the
blood oxygen dissociation curve shifts progressively
leftward (increased oxygen affinity of hemoglobin)
primarily because of the respiratory alkalosis. Indeed
this effect completely overwhelms the relatively small
tendency for the curve to shift to the right because of
the increase in red cell 2,3-DPG.

The results obtained on Operation Everest II
were generally in agreement with these (Sutton et al.
1988) except that the PCO2 values at extreme altitude
were higher, and the blood pH values therefore

lower. These differences can probably be explained
by the smaller degree of acclimatization because of
the limited time available in the low pressure
chamber. Another factor may be differences in
hypoxic ventilatory responses which may affect
ventilation at high altitude.

9.3.6 Physiological effects of changes 
in oxygen affinity

As indicated above, there have been differences of
opinion on whether a decreased or an increased oxy-
gen affinity is beneficial at high altitude. Barcroft et al.
(1923) found a slightly increased affinity and argued
that this would enhance oxygen loading in the lung.
However, Aste-Salazar and Hurtado (1944) reported
a slight decrease in oxygen affinity in high altitude
natives at Morococha and reasoned that this would
enhance oxygen unloading in peripheral capillaries.
The same argument was used by Lenfant and
Sullivan (1971) when the influence of the increased
red cell concentration of 2,3-DPG on the oxygen dis-
sociation curve was appreciated. They stated that the
decreased oxygen affinity would help the peripheral
unloading of oxygen, and that this was one of the
many features both of acclimatization of lowlanders
to high altitude and of the genetic adaptation of
highlanders.

However, there is now strong evidence that an
increased oxygen affinity (left-shifted oxygen disso-
ciation curve) is beneficial, especially at higher alti-
tudes, and particularly on exercise (Bencowitz et al.
1982). Indeed this should not come as a surprise
when it is appreciated that many animals increase
the oxygen affinity of their blood in oxygen-deprived
environments by a variety of strategies (section 9.3.3
and Table 6.1). In addition, Eaton et al. (1974)
reported that rats whose oxygen dissociation curve
had been left-shifted by cyanate administration
showed an increased survival when they were decom-
pressed to a barometric pressure of 233 mmHg. The
controls were rats with a normal oxygen affinity.
Turek et al. (1978) also studied cyanate-treated rats
and found that they maintained better oxygen trans-
fer to tissues during severe hypoxia than normal ani-
mals. In addition, we have already referred to the
studies of Hebbel et al. (1978) who found a family
with two members who had a hemoglobin with a
very high affinity (Hb Andrew-Minneapolis, P50
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Figure 9.5 Blood variables measured on the 1981
American Medical Research Expedition to Everest at sea
level, 6300 m, 8050 m and 8848 m (summit). pHb, pH
blood. (From Winslow et al. 1984.)



17.1 mmHg). These two members performed better
during exercise at an altitude of 3100 m than two sib-
lings with normal hemoglobin.

Theoretical studies show that a high oxygen affin-
ity is beneficial at high altitude, especially on exercise
(Turek et al. 1973, Bencowitz et al. 1982). In one
study, oxygen transfer from air to tissues was mod-
eled for a variety of altitudes and a range of oxygen
uptakes (Bencowitz et al. 1982). The oxygen dissoci-
ation curve was shifted both to the left and right with
P50 of 16.8 mmHg (left-shifted), 26.8 mmHg (nor-
mal) and 36.8 mmHg (right-shifted). The pul-
monary diffusing capacity for oxygen was varied
over a wide range and all the determinants of oxygen
transport, including temperature, base excess, hemo-
globin concentration and hematocrit, were taken
into account.

The results showed that in the presence of diffu-
sion limitation of oxygen transfer across the blood-
gas barrier in the lung, a left-shifted curve resulted
in the highest PO2 of mixed venous blood (which
was taken as an index of tissue PO2) (Fig. 9.6). In
other words, in the presence of diffusion limitation,
an increased oxygen affinity of hemoglobin results
in a higher tissue PO2. The explanation is that the
increased affinity enhances the loading of oxygen in
the lung more than it interferes with unloading in
peripheral capillaries. This appears to be the phy-
siological justification for the increased oxygen affi-
nity so frequently seen among animals that live in
low oxygen environments (Table 6.1).

An analysis of the effects of changes in hemo-
globin–oxygen affinity at high altitude was carried 
out by Samaja et al. (2003). They concluded that a
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Figure 9.6 Results of a
theoretical study showing
changes in calculated arterial
and mixed venous PO2 with
increasing oxygen uptake at four
altitudes for three values of P50.
The P50 values are normal (N,
26.8 mmHg), right-shifted (R,
36.8 mmHg), and left-shifted 
(L, 16.8 mmHg). The nearly
horizontal lines labeled ‘mixed
venous’ show the PO2 values for
an infinitely high pulmonary
oxygen diffusing capacity. The
curved lines peeling away from
these lines show the results of
diffusion limitation. In this
example, the diffusing capacity of
the membrane for oxygen (DMO2)
is 80 mL min�1 mmHg�1. Note
that at the highest level of
exercise, and especially at high
altitude, the left-shifted curve
gives the highest values of PO2 in
mixed venous blood and
therefore the tissues. (From
Bencowitz et al. 1982.)



reduction in affinity was advantageous at altitudes
up to about 5000 m because it reduces the cardiac
output necessary for adequate tissue oxygenation.
However, at higher altitudes an increased oxygen
affinity was more advantageous in agreement with
Turek et al. (1978) and Bencowitz et al. (1982).
Samaja et al. (2003) noted that some of the experi-
mental evidence is contradictory, and they raised
the possibility of other confounding factors such as
changes in body temperature, especially differences
between the muscles and lungs, changes in the
Bohr effect within capillaries, heterogeneity of oxy-
gen affinity between different red cells, possible
vasodilator effects of nitric oxide carried by hemo-
globin, and the effect of different red cell transit
times in capillaries.

The role of an increased oxygen affinity is seen
dramatically in a climber on the summit of Mount
Everest. Despite some increase of 2,3-DPG concen-
tration within the red cell, the extremely low PCO2 of
7–8 mmHg as a result of the enormous increase in
ventilation causes a dramatic degree of respiratory
alkalosis with an arterial pH calculated to exceed 7.7
(West et al. 1983b). As a result, the in vivo P50 is about
19 mmHg, which is very similar to that of the human
fetus in utero. The resulting striking increase in oxy-
gen affinity of hemoglobin plays a major role in
allowing the climber to survive this extremely
hypoxic environment (Chapter 12).

9.4 ACID–BASE BALANCE

9.4.1 Introduction

This topic overlaps with that of the previous sec-
tion, oxygen affinity of hemoglobin, because the
affinity at high altitude is primarily determined by
the pH of the blood together with the concentra-
tion of 2,3-DPG in the red cells. However, for con-
venience, available information on acid–base status
is set out here.

9.4.2 During acclimatization

When a lowlander goes to high altitude, hyperventi-
lation occurs as a result of stimulation of the periph-
eral chemoreceptors by the hypoxemia (Chapters 4

and 5), the arterial PCO2 falls, and the arterial pH
rises in accordance with the Henderson–Hasselbalch
equation:

where [HCO3
�] is the bicarbonate concentration in

millimoles per liter and the PCO2 is in mmHg.
However, the kidney responds by eliminating bicar-
bonate ion, being prompted to do this by the
decreased PCO2 in the renal tubular cells. The result is
a more alkaline urine because of decreased reabsorp-
tion of bicarbonate ions. The resulting decrease in
plasma bicarbonate then moves the bicarbonate/
PCO2 ratio back towards its normal level. This is
known as metabolic compensation for the respira-
tory alkalosis. The compensation may be complete,
in which case the arterial pH returns to 7.4 or, more
usually, incomplete with a steady-state pH that
exceeds 7.4.

The time course of the changes in arterial pH
when normal subjects are taken abruptly to high
altitude has been studied by several investigators
(Severinghaus et al. 1963, Lenfant et al. 1971,
Dempsey et al. 1978). In one study, lowlanders were
taken from sea level to an altitude of 4509 m (PB

446 mmHg) in less than 5 h, and remained there for
4 days. The arterial pH rose to a mean of about 7.47
within 24 h and then apparently slowly declined but
was still about 7.45 at the end of the 4-day period.
On return to sea level the pH fell steadily to reach
the normal value of 7.4 after about 48 h (Lenfant 
et al. 1971).

In another study, four normal subjects were
taken abruptly to 3800 m for 8 days. The arterial pH
rapidly rose from a mean of 7.424 at sea level to
7.485 after 2 days, and remained essentially con-
stant, being 7.484 at the end of 8 days (Severinghaus
et al. 1963). In a further study, 11 lowlanders moved
to 3200 m altitude where they remained for 10 days
(Dempsey et al. 1978). The arterial pH rose by
0.03–0.04 unit within 2 days and then remained
essentially unchanged. In all instances, the arterial
PCO2 continued to fall as did the plasma bicarbonate
concentration. However, it appears that the return
of the arterial pH to (or near to) its sea level value is
very slow.

pH pK
[HCO ]

0.03
3

2CO
� �

�

log
P
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9.4.3 High altitude natives

Most authors have reported a fully compensated 
respiratory alkalosis in high altitude natives with
arterial pH values close to 7.4. Table 9.1 shows a
summary of a number of published papers prepared
by Winslow and Monge (1987). This is perhaps the
expected finding. The body generally maintains the
arterial pH within very narrow limits in health, and
it seems reasonable that people who are born and
live at high altitude would fully compensate for their
reduced PCO2 by eliminating bicarbonate and restor-
ing the pH to the normal sea level value.

However, Winslow et al. (1981) measured the
arterial pH in 46 high altitude natives of Morococha
(4550 m, PB 432 mmHg) and reported that the mean
plasma pH was 7.439 � 0.065. In other words these
highlanders did not have a fully compensated respi-
ratory alkalosis but their blood lay slightly on the

alkaline side of normal. As pointed out in section
9.3.4, the result of this mild respiratory alkalosis was
to restore the oxygen dissociation curve to the nor-
mal sea level position because there was an increase
in red cell 2,3-DPG concentration which tended to
move the curve to the right.

The interpretation of these results is complicated
by the fact that Winslow et al. (1981) believed that the
increased red cell concentration that is seen at high
altitude had an effect on the glass electrode for meas-
uring pH (Whittembury et al. 1968). If the observed
pH is corrected for this effect of increased red cell
concentration, the calculated plasma pH becomes
7.395, as shown in the bottom row of Table 9.1.
However, no other investigators have corrected the
pH in this way and the conclusion from the work of
Winslow and his colleagues is that high altitude
natives have a mildly uncompensated respiratory
alkalosis with an arterial pH that exceeds 7.4.
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Table 9.1 Blood-gas and pH values in high altitude natives

Altitude (m) n Hba Pa,O2 Sa,O2 (%) Pa,CO2 pH Source

(mmHg) (mmHg)

4300 3 – 46.7 84.6 – – Barcroft et al. (1923)
4300 12 – – – – 7.360 Aste-Salazar and 

Hurtado (1944)
4500 40 20.6a 45.1 80.1 33.3 7.370 Hurtado et al. (1956)
4515 22 19.5a – 82.8 33.8 7.400 Chiodi (1957)
4300 6 56.0 – – 32.5 7.431b Monge et al. (1964)
4300 5 73.8 – – 39.0 7.429b Monge et al. (1964)
3700 – – – – 3.0 7.431b Monge et al. (1964)
4545 – – – – – 7.424b Monge et al. (1964)
4820 – – – – – 7.426b Monge et al. (1964)
3960 3 – – – – Lahiri et al. (1967)
4880 4 – – – – 7.399 Lahiri et al. (1967)
4500 6 73.4 – – – – Lenfant et al. (1969)
4500 10 65.5 – – – – Lenfant et al. (1969)
4300 6 54.4 45.2 74.7 31.6 7.414 Torrance (1970)c

4500 4 63.3 44.1 73.3 32.2 7.405 Torrance (1970)c

4300 4 – 50.8 – 32.9 7.405 Rennie (1971)
4500 35 61.0 51.7 85.7 34.0 7.395 Winslow et al. (1981)

N:See Winslow and Monge (1987) for details and sources.
–, no data available.
aHemoglobin concentration (g dL�1).
bPlasma pH.
cHimalayan subjects.



9.4.4 Acclimatized lowlanders

When sufficient time is allowed for extended
acclimatization to high altitude, the arterial pH
returns close to the normal value of 7.4, at least up to
altitudes of 3000 m. For example, during the 1935
International High Altitude Expedition to Chile, Dill
and his colleagues (1937) found that the arterial pH
increased little if at all up to this altitude, but above
3000 m higher values of pH were found, with a
mean of about 7.45 at an altitude of 5340 m. A few
measurements on acclimatized subjects at an altitude
of 5800 m during the 1960–61 Silver Hut expedition
indicated values of between 7.41 and 7.46 (West et al.
1962).

Extensive measurements were made by Winslow
et al. (1984) during the 1981 American Medical
Research Expedition to Everest. The mean arterial
pH of acclimatized lowlanders living at an altitude of
6300 m was 7.47 (Fig. 9.7). It was also possible to cal-
culate the arterial pH at an altitude of 8050 m (Camp
5) and the Everest summit (8848 m). The calcula-
tions were made from the base excess measured on
venous blood samples taken at 8050 m and measure-
ments of alveolar PCO2 on sealed samples of alveolar
gas brought back to the USA. It was assumed that the
arterial and alveolar PCO2 values were the same, and

also that base excess did not change over the 24 h
between the summit and Camp 5. As discussed in
section 9.4.5, there is evidence that base excess was
changing very slowly at this great altitude. The mean
arterial pH of two climbers at 8050 m was 7.55, and
the one subject whose alveolar PCO2 was measured as
7.5 mmHg on the summit gave a calculated arterial
pH of over 7.7.

These climbers were not ‘acclimatized’ to 8050 or
8848 m in the sense that they had spent long periods
at these great altitudes. However, it is not possible to
spend an extended time at an altitude such as 8000 m
because high altitude deterioration occurs so rapidly.
Thus the values probably represent the inevitable
respiratory alkalosis which occurs in climbers who
go so high.

Samaja and colleagues (1997) measured the pH
and blood gases from arterialized earlobe blood in
lowlanders and Sherpas at altitudes of 3400, 5050
and 6450 m in the Everest region. In the lowlanders
the blood pH increased progressively with altitude
from 7.46 to about 7.50 but interestingly it remained
nearly constant in the Sherpas in the range of
7.45–7.46. The more marked alkalosis in the lowlan-
ders than Sherpas was consistent with a higher PCO2

in the latter group. Paradoxically however the PO2

and O2 saturation were the same in the two groups at
all altitudes, a finding that was not fully explained.

Another study was carried out by Wagner et al.
(2002) in which they compared the acid–base status
in lowlanders and native Bolivian residents of La Paz
(3600–4100 m) when both groups ascended to
5260 m. Measurements were made both at rest and
maximal exercise. After 9 weeks’ residence at 5260 m,
the resting arterial pH in the lowlanders was 7.48. In
the highlanders it was only 7.43 two hours after
ascent. During exercise the arterial PCO2 was
8 mmHg lower in the lowlanders than the high-
landers, but again, as in the study of Samaja et al.
(1997) the PO2 values were the same in the two
groups. The calculated diffusing capacity for oxygen
was substantially higher in the highlanders than low-
landers.

9.4.5 Metabolic compensation for
respiratory alkalosis

An interesting feature of the studies at extreme
altitude referred to above (Winslow et al. 1984) is
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Figure 9.7 Davenport diagram showing the pH, PCO2

and plasma bicarbonate concentration of arterial blood
during the 1981 American Medical Research Expedition
to Everest at altitudes of 6300 m, 8050 m and 8848 m
(summit). Note the increasingly severe respiratory
alkalosis at the extreme altitudes. The points for 
8050 and 8848 m are from Pizzo. (Data from Winslow 
et al. 1984.)



that metabolic compensation for the respiratory
alkalosis appears to be extremely slow. The mean
base excess measured on three subjects who were
living at an altitude of 6300 m was �7.9 mmol L�1.
The measurements made on venous blood taken
from two climbers at 8050 m gave a mean value of
�7.2 mmol L�1, essentially the same. The 8050 m
measurements were taken several days after the
climbers had left Camp 2 at 6300 m, and the data
therefore suggest that metabolic compensation was
proceeding extremely slowly despite the fact that
the PCO2 had fallen considerably. For example, the
mean PCO2 at 6300 m was 18.4 mmHg, at 8050 m
11.0 mmHg, and at 8848 m (summit) 7.5 mmHg.
The last value was obtained from only one subject.

The reason for the very slow change in bicar-
bonate concentration at these great altitudes is
unclear. One possible factor is chronic dehydra-
tion. Blume et al. (1984) measured serum osmolal-
ity at sea level, 5400 m and 6300 m in 13 subjects of
the expedition and showed that the mean value
rose from 290 � 1 mmol kg�1 at sea level to
295 � 2 at 5400 m, and to 302 � 4 at 6300 m. This
volume depletion occurred despite adequate fluids
to drink and a reasonably normal lifestyle. An
interesting feature of the fluid balance studies was
that plasma arginine vasopressin (AVP) concentra-
tions remained unchanged from sea level to
6300 m despite the hyperosmolality. A possible fac-
tor in the volume depletion was the increased

insensible loss of fluid at these great altitudes as a
result of hyperventilation. However, the failure of
the vasopressin levels to change suggests that there
was some abnormality of body fluid regulation.

It is known that the kidney is slow to correct an
alkalosis in the presence of volume depletion. It
appears that when given the option of correcting
fluid balance or correcting acid–base balance, the
kidney gives a higher priority to fluid balance. In
order to correct the respiratory alkalosis, bicarbon-
ate ion excretion must be increased (or reabsorp-
tion decreased) and this entails the loss of a cation
which inevitably aggravates the hyperosmolality.
This would explain the reluctance of the kidney to
correct a respiratory alkalosis in the presence of
volume depletion.

A different explanation was offered by Gonzalez
et al. (1990) when they studied the slow metabolic
compensation of respiratory alkalosis in a chroni-
cally hypoxic rat model. They found that the rate of
metabolic compensation was indeed slower than in
acute hypoxia, and they attributed this to the lower
plasma bicarbonate concentration resulting from
chronic hypoxia. They argued that, because proton
secretion and reabsorption of bicarbonate are func-
tions of the bicarbonate load offered to the renal
proximal tubule, it is probable that the slower
increase in bicarbonate excretion of the chronically
hypoxic animals was ultimately the result of the
lower plasma bicarbonate concentration.
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SUMMARY

The movement of oxygen from the peripheral capil-
laries to the mitochondria is the final link in the oxy-
gen cascade. In muscle cells, the diffusion of oxygen
may be facilitated by the presence of myoglobin, and
it is possible that convection also occurs in the cyto-
plasm of some cells. There is good evidence that the
PO2 in the immediate vicinity of the mitochondria of
many cells is very low, of the order of 1 mmHg. Many
investigators believe that much of the pressure drop
from the capillary to the mitochondria occurs very
close to the capillary wall because of the limited 
surface area available for diffusion. This leads to the
conclusion that the diffusion distance from the
capillary wall to the mitochondria is relatively unim-
portant as a barrier to oxygen transport. This diffu-
sion distance is decreased at high altitude, mainly
because of the reduction in diameter of the muscle
fibers. There is also an increase in myoglobin con-
centration and mitochondrial density at moderate
altitudes. At extreme altitudes, mitochondrial vol-
ume in human skeletal muscle is decreased. Increases
in the concentration of oxidative enzymes are seen at
moderate altitudes, as is the case following training
at sea level. The reverse occurs at extreme altitudes,
where oxidative enzymes are decreased.

10.1 INTRODUCTION

The diffusion of oxygen from the peripheral capil-
laries to the mitochondria, and its subsequent uti-
lization by these organelles, constitutes the final
link of the oxygen cascade which begins with the
inspiration of air. Despite its critical importance,
many uncertainties remain concerning the changes
that occur in peripheral tissues both in acclima-
tized lowlanders and in the adaptation of high alti-
tude natives. An obvious reason for this paucity of
knowledge is the difficulty of studying peripheral
tissues in intact humans. Much of our information
necessarily comes from measurements on experi-
mental animals exposed to low barometric pres-
sures, though some additional studies have been
made on tissue biopsies in humans.

It is probable that tissue factors play an impor-
tant role in the remarkable tolerance of high altitude
natives to exercise at high altitude. As was pointed
out in Chapter 5, people born at high altitude often
have a reduced (‘blunted’) ventilatory response to
hypoxia. At first sight this is counterproductive
because it will result in a lower alveolar PO2, and
therefore a lower arterial PO2, other things being
equal. However, Samaja et al. (1997) found that the
arterial PO2 and oxygen saturation (estimated from



earlobe blood) were the same in a group of
Caucasians and Sherpas at altitudes of 3400 m,
5050 m and 6450 m, despite the fact that the Sherpas
had a higher arterial PCO2. Similar findings were
reported in Bolivian highlanders who were studied
at an altitude of 5260 m by Wagner et al. (2002) who
sampled arterial blood directly. This suggests an
improved efficiency of oxygen transfer in the lung,
and may be linked to the higher pulmonary diffusing
capacity of high altitude natives. However, even if the
arterial PO2 is the same in highlanders as lowlanders,
the better exercise performance of the former at high
altitude suggests that there are important adapta-
tions within the tissues of which we are ignorant.

The present chapter overlaps with others to
some extent. The principles of diffusion of gases
through tissues were dealt with in Chapter 6, and
there is a discussion in Chapter 11 of how diffusion
limitation in peripheral tissues may limit oxygen
delivery during exercise. This topic is also alluded
to in Chapter 12 in the discussion of limiting fac-
tors at extreme altitudes.

10.2 HISTORICAL

Early physiologists interested in high altitude did
not attach much importance to tissue changes. For
example, Paul Bert in La Pression Barométrique
hardly refers to the possibility of tissue acclimatiza-
tion, although he deals at some length with changes
in respiration and circulation. At one point he spec-
ulates with his dry wit on whether the metabolism
of high altitude natives is different from that of low-
landers:

. . . just as a Basque mountaineer furnished
with a piece of bread and a few onions
makes expeditions which require of the
member of the Alpine Club who accompa-
nies him the absorption of a pound of meat,
so it may be that the dwellers in high places
finally lessen the consumption of oxygen in
their organism, while keeping at their dis-
posal the same quantity of vital force, either
for the equilibrium of temperature, or the
production of work. Thus we could explain
the acclimatization of individuals, of genera-
tions, of races. (Bert 1878, p. 1004 in the 1943
translation)

Incidentally, we now know that the oxygen
requirements of a given amount of work are no dif-
ferent at high altitude compared with sea level, or in
high altitude natives compared with lowlanders.
Bert goes on,

But we should consider not only the acts of
nutrition, but also the stimulation, perhaps
less, which an insufficiently oxygenated blood
causes in the muscles, the nerves, and the
nervous centers. . . .

However, he does not carry these speculations any
further.

There is a delightful section where Bert suggests
that there may be changes in the blood at high 
altitude:

We might ask first whether, by a harmonious
compensation of which general natural his-
tory gives us many examples, either by a
modification in the nature or the quantity of
hemoglobin or by an increase in the number
of red corpuscles, his blood has become
qualified to absorb more oxygen under the
same volume, and thus to return to the usual
standard of the seashore. (Bert 1878, p. 1000
in the 1943 translation)

He goes on to say that this hypothesis would be
very easy to test, since it had recently been shown:

that the capacity of the blood to absorb oxy-
gen does not change after putrefaction, noth-
ing would be easier than to collect the
venous blood of a healthy vigorous man (an
acclimated European or an Indian) or of an
animal, defibrinate it, and send it in a well-
corked flask; it would then be sufficient to
shake it vigorously in the air to judge its
capacity of absorption during life. (Bert 1878,
p. 1008 in the 1943 translation)

This beautiful research project handed to the
research community on a silver plate was taken up
by Viault (1890) with exactly the results predicted by
Bert. However, this project studied a change in the
blood compartment of the body rather than in the
peripheral tissues with which this chapter is chiefly
concerned.
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Following the work of Krogh (1919, 1929) on the
increase in the number of open capillaries in muscle
when the oxygen demands were raised by exercise,
it was natural to wonder whether increased capil-
larization was a feature of tissue acclimatization in
response to chronic hypoxia. It was subsequently
reported that capillaries in the brain, heart and
liver were significantly dilated and that their num-
ber was apparently increased after hypoxic expo-
sure (Mercker and Schneider 1949, Opitz 1951). As
we shall see later, some more recent measurements
confirm these findings. However, other studies show
that in some situations the actual number of capil-
laries in muscle tissue does not increase as a result
of chronic hypoxia, but the intercapillary diffusion
distance lessens because the muscle fibers become
smaller.

Hurtado and his co-workers (1937) reported an
increase in the intracellular concentration of the
oxygen-carrying pigment, myoglobin, in high alti-
tude animals. The measurements were made on
dogs born and raised in Morococha (4550 m) and
the increased concentrations were found in the
diaphragm, myocardium and muscles of the chest
wall and leg. The controls were dogs from Lima, at
sea level. Since then a number of other investigators
have reported increased tissue myoglobin levels at
high altitude.

An increase in mitochondrial density was shown
in the myocardium of cattle born and raised at
high altitude by Ou and Tenney (1970). Changes in
mitochondrial enzymes in muscle of high altitude
natives were reported by Reynafarje (1962). He
found alterations in the enzyme systems NADH-
oxidase, NADPH-cytochrome c-reductase, NAD[P]�

transhydrogenase and others. These measurements
were made on muscle biopsies taken from perma-
nent residents of Cerro de Pasco in Peru at an alti-
tude of 4400 m. The sea level controls were residents
of Lima.

10.3 DIFFUSION IN PERIPHERAL TISSUES

10.3.1 Principles

Oxygen moves from the peripheral capillaries to
the mitochondria, and carbon dioxide moves in
the opposite direction by the process of diffusion.
Fick’s law of diffusion was discussed in section

6.4.1. It states that the rate of transfer of a gas
through a sheet of tissue is proportional to the area
of the tissue and to the difference in gas partial
pressure between the two sides, and inversely pro-
portional to the tissue thickness.

In discussing the lung, it was pointed out that the
blood-gas barrier of the human lung is extremely
thin, being only 0.2–0.3 mm in many places. By con-
trast, the diffusion distances in peripheral tissues are
typically much greater. For example, the distance
between open capillaries in resting muscle is of the
order of 50 mm. However, during exercise, when the
oxygen consumption of the muscle increases, addi-
tional capillaries open up, thus reducing the diffu-
sion distance and increasing the capillary surface
area available for diffusion. As discussed in section
6.4.1, carbon dioxide diffuses about 20 times faster
than oxygen through tissues because of its much
higher solubility, and therefore the elimination of
carbon dioxide poses less of a problem than oxygen
delivery.

Early workers believed that the movement of
oxygen through tissues was by simple passive diffu-
sion. However, it is now believed that facilitated
diffusion of oxygen probably occurs in muscle cells
as a result of the presence of myoglobin. This heme-
protein has a structure which resembles hemoglobin
but the dissociation curve is a hyperbola, as opposed
to the S-shape of the oxygen dissociation curve of
whole blood (Fig. 10.1). Another major difference
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Figure 10.1 Comparison of the oxygen dissociation
curves for normal human blood (curve A) and
myoglobin (curve B). The P50 values are approximately
27 and 3 mmHg respectively. (From Roughton 1964.)



is that myoglobin takes up oxygen at a much lower
PO2 than hemoglobin, that is, it has a very low P50

of about 5 mmHg. This is a necessary property if
the myoglobin is to be of any use in muscle cells
where the tissue PO2 is very low. Scholander (1960)
and Wittenberg (1959) have shown experimentally
that myoglobin can facilitate oxygen diffusion.

Other modes of oxygen transport are possible
within cells. Streaming movements of cytoplasm
have been observed and it is conceivable that such
movements, known as ‘stirring,’ enhance the trans-
port of oxygen by convection. Another hypothesis
is that oxygen moves into some cells along invagi-
nations of the lipid cell membrane in which it has a
high solubility (Longmuir and Betts 1987).

There is good evidence that the PO2 in the imme-
diate vicinity of the mitochondria is very low in some
tissues, being of the order of 1 mmHg. In fact models
of oxygen transfer in tissues often assume that the
mitochondrial PO2 is so low that it can be neglected
in the context of the PO2 of the capillary blood, which
is of the order of 30–50 mmHg. In measurements of
suspensions of liver mitochondria in vitro, oxygen
consumption has been shown to continue at the
same rate until the PO2 of the surrounding fluid falls
to the region of 3 mmHg. Measurements of PO2 at
the sites of oxygen utilization based on the spectral
characteristics of cytochromes also indicate that the
PO2 is probably less than 1 mmHg (Chance 1957,
Chance et al. 1962). Thus it appears that the purpose
of the much higher PO2 of capillary blood is to ensure
an adequate pressure for diffusion of oxygen to the
mitochondria and that, at the actual sites of oxygen
utilization, the PO2 is extremely low.

10.3.2 Tissue partial pressures

A classical model to analyze the distribution of PO2

values in tissue was described by August Krogh
(1919). He considered a hypothetical cylinder of
tissue around a straight, thin capillary into which
blood entered with a known PO2. As oxygen diffuses
away from the capillary, oxygen is consumed by the
tissue and the PO2 falls. If simplifying assumptions
are made, such as uniform consumption rate of
oxygen in every part of the tissue, an equation can
be written to describe the PO2 profile (Krogh 1919,
Piiper and Scheid 1986).

Another model is shown in Fig. 10.2 (Hill 1928).
In (a) we see a cylinder of tissue which is supplied
with oxygen by capillaries at its periphery: in (1) the
balance between oxygen consumption and delivery
(determined by the capillary PO2, the intercapillary
distance RC, and the oxygen consumption rate 
of the tissue) results in an adequate PO2 through-
out the cylinder; in (2) the intercapillary distance or
the oxygen consumption has been increased until
the PO2 at one point in the tissue falls to zero. This
is referred to as a critical situation. In (3) there is
an anoxic region where aerobic (that is, oxygen-
utilizing) metabolism is impossible. Under anoxic
conditions the tissue energy requirements must be
met by obligatory anaerobic glycolysis with the
consequent formation of lactic acid.

The situation along the tissue cylinder is shown
in (b). It is assumed that the PO2 in the capillaries at
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the periphery of the tissue cylinder falls from 100 to
20 mmHg as shown from left to right. As a conse-
quence the PO2 in the center of the tissue cylinder
falls towards the venous end of the capillary. It is
clear that, on the basis of this model, the most vul-
nerable tissue is that furthest from the capillary at its
downstream end. This was referred to as the ‘lethal
corner.’ It is possible that this pattern of focal anoxia
is responsible for some tissue damage at high alti-
tude. For example, it may explain how some nerve
cells of the brain are damaged at great altitudes
causing the residual impairment of central nervous
system function. This is discussed in Chapter 16.

Figure 10.2 assumes that the blood in adjacent
capillaries runs in the same direction but there is
evidence that this is not always the case, and that
rather there is a network of capillaries with various
directions of flow and many intercommunications.
This concept of a network of capillaries is sup-
ported by studies emphasizing the tortuosity of
capillaries around skeletal muscle cells (Potter and
Groom 1983, Mathieu-Costello 1987). Although in
some histological sections the capillaries of skeletal
muscle appear at first sight to run chiefly parallel
to the muscle fibers, this is an oversimplification.
Furthermore the density of the connections increases
considerably when the muscle shortens (Mathieu-
Costello 1987). Thus a reasonable model of oxygen
delivery to muscle is a syncytium of capillaries sur-
rounding a tubular muscle cell.

Studies by Honig and his associates (1991) have
indicated that the PO2 profiles shown in Fig. 10.2
may be misleading in skeletal muscle. These inves-
tigators rapidly froze working muscles of experi-
mental animals and then measured the degree of
oxygen saturation of the intracellular myoglobin
using a spectrometer with a narrow light beam.
The intracellular PO2 was inferred from the myo-
globin oxygen saturation. These data and theoreti-
cal work by the same group suggest that the major
resistance to oxygen diffusion from capillary to
muscle fiber mitochondria is at the capillary–fiber
interface, i.e. the thin carrier-free region including
plasma, endothelium and interstitium. This in turn
necessitates a large driving force (PO2 difference) at
that site to deliver oxygen to the muscle fibers. Some
of the results of this group are shown in Fig. 10.3
where it can be seen that most of the fall of PO2

apparently occurs in the immediate vicinity of the
peripheral capillary and that, throughout the muscle

cell, the PO2 is remarkably uniform and very low (of
the order of 1–3 mmHg). This pattern results in part
from the presence of myoglobin which facilitates the
diffusion of oxygen within the muscle fibers.

Evidence that the PO2 in human skeletal muscle
is low and remains constant in the face of increas-
ing work levels was reported by Richardson et al.
(2001). These investigators studied oxygenation in
leg muscle during knee extensor exercise of a single
leg. They used magnetic resonance spectroscopy 
of myoglobin as a measure of tissue oxygenation
exploiting the fact that the P50 of myoglobin is about
3.2 mmHg. They found that although the calculated
PO2 was relatively high up to a maximal work rate 
of 60%, above that the intracellular PO2 fell to a 
relatively uniform and constant value of about
3.8 mmHg in all subjects. This ingenious technique
provides evidence that during relatively high levels
of work, the intracellular PO2 in human leg muscle
is very low and remains relatively constant.
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Figure 10.3 Calculated distribution of PO2 around
three capillaries in a heavily working red fiber of skeletal
muscle. PO2 contours are at intervals of 1 mmHg. There
is a rapid fall of PO2 in the immediate vicinity of the
capillary, and within the muscle cell the PO2 is relatively
uniform and very low. (From Honig et al. 1991.)



10.4 CAPILLARY DENSITY

One way to improve tissue diffusion under condi-
tions of oxygen deprivation such as high altitude is
to reduce the intercapillary distance. The technical
name for the number of capillaries per unit volume
of tissue is capillary volume density. It has been
known since the time of Krogh (1919) that the
number of open capillaries in a muscle depends on
the degree of metabolic activity. During exercise
additional capillaries open up, thus reducing the
diffusing distance and increasing the diffusing sur-
face area. It has been known for many years that
exercise training increases the number of capillar-
ies in skeletal muscle (Saltin and Gollnick 1983).

The effects of high altitude exposure on capillary
volume density is complicated and the subject of con-
tinuing research. Early studies apparently showed
increased vascularization of the brain, retina, skeletal
muscle and liver of experimental animals exposed
to low barometric pressures over several weeks
(Mercker and Schneider 1949, Opitz 1951, Valdivia
1958, Cassin et al. 1971). Tenney and Ou (1970)
measured the rate of loss of carbon monoxide from
subcutaneous gas pockets in rats after 3 weeks of
simulated exposure to 5600 m and concluded that
there was a 50% increase in capillary number.

However, some of these studies were questioned
by Banchero (1982) who argued that the results
obtained by Valdivia (1958) and Cassin et al. (1971)
might be influenced by technical errors. Many inves-
tigators now believe that although capillary volume
density increases in skeletal muscles with exposure
to high altitude, this is not caused by the formation
of new capillaries, but by a reduction in size of the
muscle fibers. This result has been found in guinea-
pigs (Fig. 10.4) which were studied at sea level, in
Denver at 1610 m, at 3900 m (in a species native to
the Andes) and at a simulated altitude of 5100 m
(Banchero 1982).

The same pattern has been described in accli-
matized humans where muscle samples were
obtained by biopsy. For example, Cerretelli and his
co-workers obtained muscle biopsies on climbers
immediately after they had spent several weeks
attempting to climb Lhotse Shar (8398 m) in Nepal
and showed that, although the capillary volume
density was somewhat raised, the increase could be
wholly accounted for by a reduction of muscle
fiber size (Boutellier et al. 1983, Cerretelli et al.

1984). A similar result was found in Operation
Everest II in six volunteers who were gradually
decompressed to the simulated altitude of Mount
Everest over a period of 40 days. Needle biopsies
from the vastus lateralis showed a significant (25%)
decrease in cross-sectional area of type I fibers, and
a 26% decrease (nonsignificant) for type II fibers.
Capillary to fiber ratios were unchanged and there
was a trend (nonsignificant) towards an increase in
capillary density (Green et al. 1989, MacDougall 
et al. 1991). Lundby et al. (2004b) showed that there
was no change in the volume density of capillaries in
skeletal muscle of lowlanders after acclimatization
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Figure 10.4 Data showing capillary density (number of
capillaries per square millimeter of cross-section) and
capillary/fiber ratio (number of capillaries per muscle
fiber) in gastrocnemius muscle of four groups of guinea-
pigs. These were studied at sea level, in Denver at
1610 m, at 3900 m (Andean natives) and at simulated
altitude of 5100 m. The data are consistent with the
increase in capillary/fiber ratio being explained by a
decrease in cross-sectional area of the muscle fibers.
(From Banchero 1982.)



to an altitude of 4100 m. In addition there was 
no increase in expression of HIF 1-α or vascular
endothelial growth factor (VEGF) mRNA in biop-
sies of skeletal muscle.

In contrast to the studies showing that new capi-
llaries in skeletal muscle do not develop as a result
of exposure to high altitude, some recent reports do
find increased capillarization. For example, Mathieu-
Costello et al. (1998) reported increases in the num-
ber of capillaries in flight muscles of finches at high
altitude, and increased capillarity was also found in
leg muscles of finches living at high altitude (Hepple
et al. 1998). These investigators believe that whether
increased capillary number (and mitochondrial
density) occur at high altitude depends on the level
of metabolic stress on the muscle, and this links
with the issue of training at altitude where similar
changes are seen.

Although many studies show that the number
of new capillaries in skeletal muscle does not increase
as a result of exposure to prolonged hypoxia, it has
been suggested that there are changes in the config-
uration of the capillaries with increased tortuosity
that would effectively increase capillary surface area
and enhance gas diffusion (Appell 1978). However,
this result has not been confirmed by Mathieu-
Costello and Poole (Mathieu-Costello 1989, Poole
and Mathieu-Costello 1990), who showed that
muscle capillary tortuosity does not increase with
chronic exposure to hypoxia when account is taken

of sarcomere length. These investigators believe that
Appell’s results may be explained by failure to 
control the state of contraction of the muscle.
It is known that the degree of capillary tortuosity
increases during muscle shortening (Mathieu-
Costello 1987).

This lack of increase in the number of capillaries
per muscle fiber at high altitude found in some stud-
ies should be contrasted with the increase in muscle
capillarity which occurs with training. Longitudinal
studies in humans have shown that exercise train-
ing increases muscle capillarity including both the
capillary/fiber ratio and number of capillaries per
square millimeter within several weeks (Andersen
and Henricksson 1977, Brodal et al. 1977, Ingjer
and Brodal 1978). Furthermore, it has been demon-
strated that the increased capillary supply is pro-
portional to the increased maximum oxygen uptake
(Andersen and Henricksson 1977). The increase in
capillaries is found in all fiber types provided that
they are recruited during training (Andersen and
Henricksson 1977, Nygaard and Nielsen 1978). If
studies of acclimatization to high altitude involve
increased levels of exercise, it is important to take
account of this effect. Table 10.1 compares some of
the tissue changes caused by training with those
resulting from exposure to high altitude.

Recently there has been considerable interest in
the possible role of VEGF at high altitude. VEGF 
is an endothelial cell-specific mitogen which is an
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Table 10.1 Comparison of tissue changes caused by training and those associated with exposure to high altitude

Tissue changes Endurance training High altitude

Capillary density in skeletal Increased due to new capillaries Increased due to reduction in diameter of
muscle muscle fibers

Fiber diameter of skeletal May be increased Decreased
muscle

Myoglobin concentration No change in humans Increased in skeletal, heart muscle
Muscle enzymes No change in glycolytic, increase in Similar changes at moderate altitudes; at 

oxidative extreme altitudes, increase in glycolytic 
and decrease in oxidative

Mitochondria Increased volume density Increased volume density in some animals
at moderate altitude but reduced 
density in humans at extreme altitude

Different intracellular distribution, e.g. loss 
of subsarcolemmal mitochondria in 
comparison to training



important mediator of hypoxia-induced angiogen-
esis. Hypoxia increases transcriptional induction of
VEGF and also increases post-transcriptional stabi-
lization of VEGF mRNA.VEGF increases endothelial
cell proliferation and migration, and also vascular
permeability. It is known to be important in the
angiogenesis of embryonic development, wound
healing and tumor growth (Ferrara and Davis-
Smyth 1997).

Both acute hypoxia and exercise have been
shown to increase VEGF mRNA in skeletal muscle
of humans (Gustafsen et al. 1999, Hoppeler 1999)
and animals (Breen et al. 1996). As discussed above
and in Table 10.1, endurance exercise training is
known to increase muscle capillarity, mitochondrial
density and oxidative enzyme activity, and local tis-
sue hypoxia has been suggested as the stimulus for
these changes. Therefore induction of VEGF may be
the mechanism. However, whether chronic hypoxia
has a similar effect on VEGF is debated. Indeed
whereas acute hypoxia increases VEGF mRNA in
animal skeletal muscle, some studies show that
chronic hypoxia reduces the levels below those seen
in acute hypoxia. This is also true of another growth
factor, TGF-β1 (Olfert et al. 2001).

The mechanism by which hypoxia stimulates
induction of VEGF genes is through an increase in
the transcriptional factor, hypoxia-inducible factor
1α (HIF-1α). This important regulator has already
been referred to in Chapters 5 and 8. Its various roles
in hypoxia are summarized in Fig. 10.5. In normoxia,
HIF-1α is continuously formed in the cytoplasm
and degraded as a result of hydroxylation by prolyl
hydroxylase. However, this enzyme is inhibited in
hypoxia and significant accumulation of HIF-1α
occurs within 2 min. The HIF-1α combines with
HIF-1β to form HIF-1 which moves into the nucleus
to induce gene transcription. As Fig. 10.5 shows, a
number of genes are upregulated including VEGF
genes resulting in angiogenesis, EPO genes resulting
in erythropoiesis, and the genes for tyrosine hydrox-
ylase which increases the sensitivity of the carotid
body. HIF-1α is therefore a master switch in the gen-
eral responses of the body to hypoxia.

10.5 MUSCLE FIBER SIZE

As indicated above, one way to increase capillary
density and thus reduce diffusion distance within
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skeletal muscle is to reduce the size of the muscle
fibers. There is now good evidence that this occurs
during high altitude acclimatization and deteriora-
tion (Boutellier et al. 1983, Cerretelli et al. 1984,
MacDougall et al. 1991). Figure 10.6 shows the
reduction in muscle volume as measured by com-
puted tomography in the thigh and upper arm
regions of the subjects of Operation Everest II
(MacDougall et al. 1991). This topic is discussed
further in Chapters 4 and 14.

The mechanism of muscle atrophy at high 
altitude is not well understood. It has been sug-
gested that one contributing factor is lack of mus-
cular activity. Certainly, lowlanders who go to very
high altitudes easily become fatigued and often
spend much of their time at a reduced level of
physical activity. Indeed Tilman (1952, p. 79) once
remarked that a hazard of Himalayan expeditions
was bedsores!

However, reduced physical activity is unlikely to
be the whole story as evidenced by the experience
obtained on the 1960–61 Himalayan Scientific and
Mountaineering Expedition. During several months
at 5800 m, the level of physical activity was well main-
tained with opportunities for daily skiing and yet the
expedition members suffered a relentless and pro-
gressive loss of weight which averaged 0.5–1.5 kg per
week (Pugh 1964c). Moreover, estimates of energy
intake were made and these were apparently more
than adequate for the level of activity. It is true that
appetite is reduced, and it may be that gastrointestinal
absorption is impaired at high altitude (Chapter 14).

However, it seems possible that there is some change
in protein metabolism which results in extensive
breakdown of muscle protein.

10.6 VOLUME OF MITOCHONDRIA

The muscle mitochondria are the primary sites of
oxygen utilization by the body and thus constitute
the final link of the oxygen cascade. In general,
mitochondrial volume density (volume of mito-
chondria per unit volume of tissue) in skeletal mus-
cle is related to maximal oxygen uptake and, for
example, is greater in highly aerobic animals such
as the horse compared with less active animals such
as the cow (Hoppeler et al. 1987). It is also known
that physical training increases mitochondrial vol-
ume density (Holloszy and Coyle 1984).

We might therefore expect that at high altitude
where maximal oxygen uptake is reduced (Chapter
11) mitochondrial density would decrease and this
is generally the case. It is known that the mitochon-
drial volume in human skeletal muscle decreases
with exposure to very high altitude. In a study on
muscle biopsies of climbers returning from two
Swiss expeditions to the Himalayas, mitochondrial
volume decreased by 20%. This was associated with a
decrease of 10% in muscle mass. The net result was a
decrease in absolute mitochondrial volume of nearly
30% (Hoppeler et al. 1990). A feature of the electron
micrographs of muscle biopsies was the presence of
poorly defined material known as lipofuscin. This
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substance is thought to be the consequence of lipid
peroxidation related to loss of mitochondria
(Howald and Hoppeler 2003). In muscle biopsies of
Tibetans, low levels of mitochondrial volume den-
sity were demonstrated (Kayser et al. 1991) and
interestingly, low densities were also seen in second
generation Sherpas raised at low altitude (Kayser 
et al. 1996). There was no significant increase in mito-
chondrial volume density in biopsies of vastus later-
alis in subjects of Operation Everest II (MacDougall
et al. 1991).

Some studies in animals have given different
results. In an investigation of the mitochondrial
density of the myocardium of rabbits and guinea
pigs from Cerro de Pasco (4330 m) in Peru it was
found that the values were the same as those at sea
level (Kearney 1973). However, Ou and Tenney
(1970) showed that the number of mitochondria
in samples of myocardium was 40% greater in cat-
tle born and raised at 4250 m compared with cattle
at sea level. The size of individual mitochondria
was found to be the same and it was argued that
the increase in mitochondrial number was advan-
tageous because it reduced the diffusion distance
of the intracellular oxygen.

It may be that these discordant results can be
explained by the differences between exposure to
moderate and very high altitude. The increase in
mitochondrial number found by Ou and Tenney
(1970) was at an altitude of 4500 m, whereas the
decrease in mitochondrial volume reported by
Hoppeler et al. (1990) was in climbers who had been
to altitudes over 6000 m. This is relevant to the dis-
cussion of high altitude acclimatization which occurs
at moderate altitudes, and high altitude deterioration
which occurs at extremely high altitudes, as discussed
in Chapter 4. A general review of the response of
skeletal muscle mitochondria to hypoxia is in
Hoppeler et al. (2003).

There is an interesting difference between the
mitochondrial density following exposure to high
altitude on the one hand, and endurance training at
sea level on the other, in their differential effects on
subsarcolemmal and interfibrillar mitochondria.
There is a greater loss of subsarcolemmal mitochon-
dria at altitude, while subsarcolemmal mitochon-
dria show a greater increase with training at sea level
(Desplanches et al. 1993, Cerretelli and Hoppeler
1996).

10.7 MYOGLOBIN CONCENTRATION

As stated above, early studies by Hurtado and his
colleagues (1937) showed increased concentrations
of myoglobin in several muscles of dogs born and
raised in Morococha (4550 m) in Peru. The controls
were dogs in Lima at sea level. Increased myoglo-
bin concentrations were found in the diaphragm,
adductor muscles of the leg, pectoral muscles of
the chest and the myocardium.

Reynafarje (1962) measured myoglobin concen-
trations in the sartorius muscle of healthy humans
native to Cerro de Pasco (4400 m) and in other
Peruvians native to sea level. Higher concentrations
of myoglobin were found in the high altitude natives
(7.03 mg g�1 tissue) than in the sea level controls
(6.07 mg g�1). The result was interpreted as a true
high altitude effect because it was accompanied by
an increased nitrogen content of the muscle, whereas
the lean body mass and body water content were the
same as at sea level. This point was important because
in another study (Anthony et al. 1959), a reported
increase in myoglobin content of skeletal muscle in
rats could possibly have been caused by a decrease in
body weight as a result of dehydration. Other studies
which have shown an increase in myoglobin as a
result of acclimatization to hypoxia include those of
hamster heart muscle (Clark et al. 1952), rat heart
and diaphragm (Vaughan and Pace 1956) and vari-
ous guinea-pig tissues (Tappan and Reynafarje 1957).

Moore and colleagues (2002) tested the hypoth-
esis that myoglobin allele frequencies in Tibetans
are different from those in a group of sea level resi-
dents in Texas. They found that the frequency of
the myoglobin 79A allele was higher in high alti-
tude residents compared with those at sea level,
although there was no relation between frequency
and altitude in Tibetans. Also there was no associa-
tion between myoglobin genotype and hemoglobin
concentration. They concluded that high altitude
Tibetans do not show novel polymorphism or selec-
tion for specific myoglobin alleles as a function of
high altitude residence.

As discussed above, the chief value of myoglobin
may be that it facilitates oxygen diffusion through
muscle cells. However, it may also serve to buffer
regional differences of PO2 (Fig. 10.3) and act as an
oxygen store for short periods of very severe oxygen
deprivation. It has been shown that increased levels
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of exercise raise the myoglobin content of muscles in
experimental animals (Lawrie 1953, Pattengale and
Holloszy 1967). Animals that exhibit large oxygen
uptakes in conditions of reduced oxygen availability,
such as seals, typically have very large amounts of
myoglobin (Castellini and Somero 1981). However,
a study comparing trained and untrained human
subjects (Jansson et al. 1982) and another study of
short-term training in humans (Svedenhag et al.
1983) both failed to show any effect of training on
muscle myoglobin concentration.

10.8 INTRACELLULAR ENZYMES

Enzymes are essential to all aspects of the metabolic
pathways involved in energy production. Figure
10.7 summarizes the three main stages in energy
metabolism:

● The conversion of glucose units (from either
glucose or glycogen, known as glycolysis),
amino acids and fatty acids to acetyl CoA

● The citric acid or Krebs cycle
● The electron transport chain

Because oxygen is not required for the glycolytic
breakdown of glucose or glycogen, glycolysis repre-
sents an important though temporary source of
energy under conditions of oxygen shortage or
absence. By contrast, neither the Krebs cycle nor the
electron transport chain can produce energy in the
absence of oxygen.

There is evidence that chronic hypoxia caused
by moderate or high altitude increases the concen-
tration or activities of certain important enzymes
involved in oxidative metabolism, but hypoxia does
not appear to affect enzymes in the glycolytic path-
way. However, it must be stressed that endurance
exercise training also causes profound changes in
the oxidative enzyme systems and it is difficult to
maintain a given level of physical activity during
exposure to chronic hypoxia. Similarly, it is also dif-
ficult to match sea level residents with residents at
altitude with respect to physical activity.

One of the first studies of the enzymatic activity
of human muscle at high altitude was that by
Reynafarje (1962). The measurements were made on
biopsies taken from the sartorius muscles of natives

of Cerro de Pasco (4400 m) and these were com-
pared with biopsies from residents of Lima at sea
level. Reynafarje measured the activities of enzymes
of glycolysis (lactate dehydrogenase), Krebs cycle
(isocitrate dehydrogenase), and the electron trans-
port chain (NADH and NADPH-cytochrome 
c-reductase and NAD[P]� transhydrogenase). In
this study Reynafarje found that the activities of
NADH-oxidase, NADPH-cytochrome c-reductase
and NAD[P]� transhydrogenase were significantly
increased in the altitude residents.

Harris et al. (1970) reported on the levels of
succinate dehydrogenase (Krebs cycle) and lactate
dehydrogenase (glycolysis) activity in myocardial
homogenates from guinea-pigs, rabbits and dogs
indigenous to high altitude (4380 m) and compared
the measurements with those made on the same
species at sea level. They found a consistent increase
in the activity of succinate dehydrogenase in the
high altitude animals but no significant difference
in lactate dehydrogenase. Ou and Tenney (1970)
also found increased levels of succinate dehydroge-
nase and several enzymes of the electron transport
chain including cytochrome oxidase, NADH-oxidase
and NADH-cytochrome c-reductase in high altitude
cattle.

In contrast to the effects of moderately high
altitude (4000–5000 m), it appears that extreme
altitude (above 6000 m) may cause a reduction in
the activity of certain enzymes. The effect of expo-
sure to extreme altitude on muscle enzyme systems
has been studied by taking muscle biopsies from
climbers before and after the Swiss expeditions to
Lhotse Shar in 1981 (Cerretelli 1987) and Mount
Everest in 1986 (Howald et al. 1990) and also from
experimental subjects before and after prolonged
decompression during Operation Everest II (Green
et al. 1989). All of these studies reported decreased
activities of oxidative enzymes. Results on three
subjects from the Lhotse Shar expedition suggest
that extreme altitude reduces the activity of both
Krebs cycle (succinate dehydrogenase) and glycolytic
(phosphofructokinase and lactate dehydrogenase)
enzymes (Cerretelli 1987). In a more comprehensive
study of seven climbers from the Swiss 1986 expe-
dition, reduced activity of enzymes of the Krebs
cycle (citrate synthase, malate dehydrogenase) and
electron transport chain (cytochrome oxidase) were
reported (Howald et al. 1990). In contrast to the
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Lhotse Shar study, this latter study found increases in
enzyme activities of glycolysis. In Operation Everest
II, significant reductions were found in succinate
dehydrogenase (21%), citrate synthase (37%) and
hexokinase (53%) at extreme altitudes (Green et al.
1989).

Interestingly, the enhanced capacity for oxida-
tive metabolism found in the face of an unchanged
glycolytic potential after high altitude (below 5000 m)
exposure is qualitatively similar to the changes found
in skeletal muscle after endurance exercise training
(Holloszy and Coyle 1984). This observation sup-
ports the notion that tissue hypoxia may be respon-
sible for the changes in mitochondrial density and
oxidative enzyme capacity under both conditions.
However, as pointed out earlier, there are differ-
ences between the two stresses, for example in the
intracellular distribution of mitochondria.

It has been argued that the primary importance
of an augmented oxidative capacity of skeletal muscle
lies not in the ability to achieve a higher maximum

oxygen uptake but, rather, to sustain a given 
submaximal oxygen uptake with less intracellular
metabolic disturbance (i.e. change of ADP and
inorganic phosphate (Pi), both potent stimulators
of glycolysis) (Gollnick and Saltin 1982, Holloszy
and Coyle 1984, Dudley et al. 1987). Thus, for
strenuous exercise where fatigue is associated with
depletion of muscle glycogen stores, an augmented
muscle oxidative capacity enables a given oxygen
uptake to be sustained at lower intracellular ADP
and Pi concentrations. Consequently, muscle glyco-
gen stores would be conserved and fat oxidation
would contribute proportionally more to the ener-
getic output of the muscle, resulting in an enhanced
endurance capacity (Holloszy and Coyle 1984,
Dudley et al. 1987). In conclusion, these changes in
tissue enzymes (with the exception of those at
extreme altitudes) are consistent with the assump-
tion that the muscles are improving their ability for
oxidative metabolism in the face of oxygen depri-
vation or deficiency.
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SUMMARY

In the face of the reduction in the inspired PO2

encountered at high altitude, exercise in this envi-
ronment makes enormous demands on the transfer
of oxygen from the air to the blood in the lung and
eventually to the mitochondria of the exercise mus-
cles. Consequently, reduced exercise tolerance is one
of the most obvious features of exposure to high alti-
tude. Maximal exercise is accompanied by extremely
high ventilations (measured at body temperature
and pressure); these can approach 200 L min�1 at
extreme altitudes, which is close to the maximum
voluntary ventilation. Diffusion-limitation of oxy-
gen transfer across the blood-gas barrier is also 
an important limiting factor. As a result, arterial 
PO2 levels typically fall greatly as the work rate is
increased. Some additional ventilation–perfusion
inequality also often develops, possibly because of
subclinical pulmonary edema. Maximal cardiac out-
put is reduced at high altitude, although in acclima-
tized subjects, the relationship between cardiac
output and work rate is the same as at sea level, and
oxygen consumption for a given work rate is inde-
pendent of altitude. Maximal oxygen consumption

in acclimatized subjects falls from about 4-5 L min�1

at sea level to just over 1 L min�1 at the Everest sum-
mit. Part of the reduction in V�O2,max can be ascribed
to diffusion limitation within the exercising muscle
as well as a limited blood flow to the muscles of loco-
motion because of the increased demand of the res-
piratory muscles. Although aerobic performance is
greatly impaired at high altitude, there is no change
in maximal anaerobic peak power (for example, as
measured by a standing jump) unless muscle mass is
reduced.

11.1 INTRODUCTION

The hypoxia of high altitude puts stress on the oxy-
gen transfer system of the body even at rest. If the
oxygen requirements are further increased by exer-
cise, the problems of oxygen delivery to the mito-
chondria of the working muscles are correspondingly
exaggerated. Indeed, one of the most obvious conse-
quences of going to high altitude is a reduction in
both maximal and endurance exercise tolerance.

In this chapter we examine the physiology of
oxygen transfer from the air to the mitochondria 



in the face of the reduced inspired PO2. The steps in
the oxygen cascade involve the convection of air 
in the airways to the alveoli via pulmonary ventila-
tion, then diffusion of oxygen across the blood-gas
barrier, uptake by the pulmonary capillary blood,
removal from the lung by the cardiac output, again
convection of the oxygenated blood to the tissues,
diffusion of oxygen from the blood to the cell to the
mitochondria, and then utilization of oxygen by the
cellular biochemical reactions. The present chapter
synthesizes information, some of which occurs in
other chapters. The subject of limitation of oxygen
uptake under the conditions of extreme altitude is
dealt with in Chapter 12. The literature on exercise
at altitude is very extensive, and the present chapter
is necessarily selective. Many monographs and
reviews have been published including Margaria
(1967), Cerretelli and Whipp (1980), Sutton et al.
(1983), Sutton et al. (1987), Cerretelli (1992) and
Wagner (1996).

11.2 HISTORICAL

A reduced exercise tolerance at high altitude has
been recognized since humans began to climb high
mountains. For example, extreme fatigue was often
reported in the early climbs of the European Alps
which, in fact, led to one of the popular theories of
mountain sickness. The argument ran that the nor-
mal barometric pressure was necessary to maintain
the proper articulation of the head of the femur in
the acetabulum of the pelvis, and that at high alti-
tude, when the reduced barometric pressure did not
assist this as it should, the muscles became fatigued
as a result (Bert 1878, pp. 343–6).

Some of the earliest measurements of exercise at
high altitude were made by Zuntz, Durig and their
colleagues in the first few years of the twentieth
century (Durig 1911, Zuntz et al. 1906). For exam-
ple, Zuntz showed that there was a decline in oxy-
gen consumption but increase in ventilation at high
altitude when trekkers walked at the speed that they
normally adopted in an Alpine setting. Douglas,
Haldane and their colleagues (1913) studied mus-
cular exercise during walking uphill on Pikes Peak
during the Anglo-American Expedition of 1911.
They made the important observation that a given
amount of work required the same amount of oxy-
gen consumption at 4300 m altitude as at sea level.

Vivid descriptions of the great difficulties of exer-
cise at very high altitudes were common in the early
Everest expeditions. Indeed the accounts of the 1921
reconnaissance expedition (Howard-Bury 1922),
and the expeditions of 1922 (Bruce 1923) and 1924
(Norton 1925) make graphic and compelling read-
ing even today. Typical is E.F. Norton’s account of his
climb to nearly 8600 m without supplementary oxy-
gen in 1924 (Norton 1925). He wrote

our pace was wretched. My ambition was to
do 20 consecutive paces uphill without a
pause to rest and pant elbow on bent knee,
yet I never remember achieving it – 13 was
nearer the mark.

Norton was accompanied to just below that altitude
by the surgeon T.H. Somervell who subsequently
wrote ‘for every step forward and upward, 7 to 10
complete respirations were required’ (Somervell
1925).

Of course, these observations were by lowlanders
who were at extreme altitudes after relatively short
periods of time for acclimatization. It is interesting 
to compare the observations of Barcroft who led 
an expedition at about the same time (winter 
of 1921–22) to Cerro de Pasco at an altitude of
4330 m in the Peruvian Andes (Barcroft et al.
1923). Naturally, this was at a considerably lower 
altitude than near the summit of Mount Everest.
Nevertheless, the lowlanders were amazed at the
capacity of the high altitude residents for physical
work, and they were astonished at the popularity of
energetic sports such as football (soccer), a phenom-
enon experienced by this author (R.B.S.) while doing
research on the high altitude natives of Ollague 
in Northern Chile in 1986. The contrast between
poorly acclimatized lowlanders and native high alti-
tude dwellers, who had been at the same altitude for
perhaps generations, was very clear.

Valuable findings on exercise at high altitude were
made during the 1935 International High Altitude
Expedition to Chile (Keys 1936). The expedition
members showed that their own maximal working
capacity fell as the altitude increased in spite of
acclimatization. Christensen (1937) made measure-
ments up to an altitude of 5340 m using a bicycle
ergometer and confirmed the findings of Douglas 
et al. (1913) that the efficiency of muscle exercise 
was independent of altitude, that is that the oxygen
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consumption for a given work level was the same.
In addition he showed that although exercise ventila-
tion measured at body temperature, ambient pres-
sure, saturated with water vapour (BTPS) was greatly
increased at high altitudes, ventilation expressed at
standard temperature and pressure, dry gas (STPD)
was essentially independent of altitude over a wide
range of altitudes and work rates.

An interesting observation was made by Edwards
who documented a curious paradox about lactate
levels in the blood on exercise. Generally, exhaustive
exercise is accompanied by relatively high blood lac-
tate levels, especially in unfit subjects, as the muscles
outstrip their capacity for aerobic work and resort
to anaerobic glycolysis. It would be natural to expect
this to occur to an extreme extent at high altitude, as
it does in acute hypoxia, but Edwards found the
opposite. Exhaustive work at very high altitude was
associated with very low levels of blood lactate
(Edwards 1936). Dill and colleagues (1931) had pre-
viously seen the same phenomenon in a similar
series of measurements.

The expedition members were also surprised by
the tolerance of the miners for energetic physical
activity at the Aucanquilcha mine which they
believed was at an altitude of 5800 m. We now know
that the mine is actually higher, the altitude being
5950 m. The exercise level of the miners is indeed
astonishing as they break large pieces of sulfur 
ore (caliche) with sledgehammers (McIntyre 1987).
The miners are predominantly Bolivians who were
born at moderately high altitudes and since most of
them live at Amincha (altitude 4200 m), they have a
considerable degree of high altitude acclimatization.

In preparation for the British Mount Everest
Expedition of 1953, Pugh measured oxygen uptakes
on climbers in the field near Cho Oyu in the Nepal
Himalaya in 1952. These data were then used to
determine the amount of oxygen to be carried by the
1953 expedition during which Pugh made further
measurements of exercise physiology (Pugh 1958).
He subsequently extended this program in the ambi-
tious Himalayan Scientific and Mountaineering
Expedition (Silver Hut) of 1960–61 in which several
physiologists, including authors J.B.W. and J.S.M.,
spent the winter in a prefabricated hut at an altitude
of 5800 m (Pugh 1962). Further measurements of
maximal oxygen consumption were carried out in
the spring when the expedition moved to Mount
Makalu (8481 m) and a bicycle ergometer was erected

on the Makalu Col (altitude 7440 m) (Fig. 1.6).
Those measurements of maximal work remain the
highest ever made (Pugh et al. 1964). The data
assembled by Pugh and his co-workers (Fig. 11.1)
were of great interest because they predicted that,
near the summit of Mount Everest, the maximal oxy-
gen uptake would be very close to the basal oxygen
requirements, and therefore it seemed problematic
whether man could ever reach the summit without
supplementary oxygen (West and Wagner 1980).

Additional measurements of maximal oxygen
consumption were made by Cerretelli during 
an Italian expedition to Mount Everest in 1973
(Cerretelli 1976a). All the data were obtained at
Base Camp (altitude 5350 m) but they included
measurements on climbers who had been above
8000 m. One of the many interesting observations
was the failure of the maximal oxygen uptake of
acclimatized subjects at 5350 m to return to the sea
level value when pure oxygen was breathed. The
explanation of this finding, also made by Pugh and
others, is still controversial but is certainly multi-
factorial, involving in part some deterioration of
oxidative function at the tissue level, as well as a
decrease in muscle power from muscle cell atrophy
that has long been recognized.
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Figure 11.1 V�O2,max against barometric pressure in
acclimatized subjects (closed circles, crosses) as reported
by Pugh et al. (1964). Data from normal climbing rates
are also shown (open circles).



The issue of whether the partial pressure of oxy-
gen at the summit of Mount Everest was sufficient
for man to reach it without supplementary oxygen
was finally answered in 1978 by Reinhold Messner
and Peter Habeler. However, their accounts make it
clear that neither had much in reserve (Habeler
1979, Messner 1979). The intriguing question of
how the body is just able to transport sufficient
oxygen to the exercising muscles under these condi-
tions of profound hypoxia is considered in detail in
Chapter 12.

During the 1981 American Medical Research
Expedition to Everest (AMREE), extensive measure-
ments of maximal oxygen uptake were made in the
main laboratory camp, altitude 6300 m. However,
data were also obtained for exercise at higher 
altitudes by giving the well-acclimatized subjects
inspired mixtures containing low concentrations of
oxygen. For example, when the inspired PO2 was
only 42.5 mmHg, corresponding to that on the sum-
mit of Mount Everest, the measured maximal oxy-
gen consumption was just over 1 L min�1; whereas,
at sea level in the same subjects the values were
around 5 L min�1 (West et al. 1983a). Although this
is very low and equivalent to that of someone walk-
ing slowly on the level, it is apparently just sufficient
to explain how a climber can reach the summit
without supplementary oxygen (Chapter 12).

A further extensive series of exercise measure-
ments were made during Operation Everest II in the
autumn of 1985 (Houston et al. 1987). The eight
subjects spent 40 days in a large low-pressure cham-
ber being gradually decompressed to the baromet-
ric pressure existing at the summit of Mount
Everest, and a series of measurements of maximal
exercise were made using a bicycle ergometer. The
measured oxygen consumptions agreed well with
those found in the field by the 1981 expedition
(Sutton et al. 1988), but Operation Everest II had the
great additional advantage that many invasive meas-
urements could be made which were impracticable
in the field. These included extensive measurements
of pulmonary vascular pressures, muscle volume,
and muscle biopsies (Sutton et al. 1987).

11.3 VENTILATION

Exercise at high altitude is accompanied by very
high levels of ventilation. Indeed this was one of

the most obvious features of climbing at extreme
altitudes in the early Everest expeditions as 
evidenced by the quotations from Norton and
Somervell in the preceding section.

Ventilation is normally expressed at body tem-
perature, ambient pressure, and with the gas satu-
rated with water vapour (BTPS). This is because the
volumes of gas moved then correspond to the vol-
ume excursions of the chest and lungs. Ventilation
can also be expressed at standard temperature and
pressure for dry gas (STPD). These volumes are very
much smaller at high altitude and bear no obvious
relationship to the actual chest movements. However,
the oxygen consumption and carbon dioxide output
are traditionally expressed in these units so that the
values are independent of altitude.

For a given work level, the ventilation expressed
as BTPS increases at high altitude. Typical results 
are shown in Fig. 11.2b which shows data obtained 
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Figure 11.2 Relationship between ventilation, both
BTPS and STPD, and oxygen uptake at various altitudes.
Heart rate is also shown. (From Pugh et al. 1964.)



during the 1960–61 Silver Hut Expedition (Pugh 
et al. 1964). Figure 11.2c shows ventilations expressed
as STPD. Here the values also tend to be somewhat
higher than those measured at sea level, especially at
work levels approaching the maximum for the alti-
tude, but the differences are clearly much less than
for ventilation expressed as BTPS.

Ventilation (BTPS) can reach extremely high lev-
els as evidenced by data obtained during the 1981
AMREE at an altitude of 6300 m (PB 351 mmHg).
In eight subjects who exercised at a work rate of
1200 kg min�1 the mean ventilation (BTPS) was
207 L min�1 with a mean respiratory frequency of
62 breaths min�1. These values were for a mean oxy-
gen consumption of 2.31 L min�1 and correspond
to a ventilatory equivalent (VE/VO2, i.e. the amount
of expired ventilation dedicated to a given metabolic
rate) almost four times greater than sea level. In
spite of a lower gas density which will decrease the
work of breathing a modest amount, this degree of
ventilation still results in a much greater work 
of breathing for any given energy expenditure
(Schoene, 2005, Cibella et al. 1999). These levels of
ventilation are approaching the maximal voluntary
ventilation (MVV), that is the maximal amount of
air that can be moved per minute by breathing in
and out as rapidly and deeply as possible, usually
measured over 12 s.

When climbing at high altitude, the body must
decide how to apportion its energy output between
the muscles of locomotion and those of respiration
which require a precise amount of perfusion to
deliver oxygen. Cibella et al. (1999) demonstrated in
subjects that in spite of the lower gas density, there
was substantially greater energy expenditure for res-
piration at high altitude than at sea level. The respi-
ratory muscles in this study, therefore, required a
greater proportion of cardiac output for a given
workload at high than low altitude, thus depriving
the locomotory muscles of perfusion, 5.5% versus
26% at low and high (5000 m) altitude respectively.
An increase in resistance of leg muscle blood flow in
deference to flow to the respiratory muscles at high
levels of work have been shown at low altitude
(Barclay 1986, Babcock et al. 1995, Harms et al.
1997, Wetter et al. 1999) and can only be assumed 
to be greater at higher altitude where respiration is
much greater. It is primarily the diaphragm which
has been shown both at low and high altitude 
to compete for the limited blood flow (Marciniuk 

et al. 1994). Recent work by Lundby et al. (2006)
demonstrated a persistent decrease in blood flow to
the lower extremities in lowlanders even after eight
weeks of acclimatization to 4100 m, suggesting this
pattern as an important factor in limiting maximal
exercise at very high altitudes. Part of this decrease
in blood flow can be restored in this same popula-
tion when hemoglobin and presumed blood viscos-
ity are decreased with isovolumic hemodilution
(Calbert et al. 2002).

It is interesting that these extremely high levels of
ventilation are not seen at the highest altitudes. For
example, when two subjects on the 1981 expedition
were given a 14% oxygen mixture to breathe at an
altitude of 6300 m (inspired PO2 42.5 mmHg) to
simulate the summit of Everest, the maximal exercise
ventilation was only 162 L min�1.A reasonable expla-
nation for the lower exercise ventilation is that the
work rate was very much lower, being only 450 kg
min�1 as opposed to 1200 at the altitude of 6300 m
while breathing air. Another possibility is that, as
mentioned above, the respiratory muscles were lim-
ited by the severe hypoxemia and a limitation of
blood flow. Figure 11.3 shows maximal exercise ven-
tilation plotted against inspired Po2 (dashed line),
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Figure 11.3 Maximal ventilation (BTPS), maximal
respiratory frequency, and maximal heart rate plotted
against inspired PO2 on a log scale. This scale was chosen
only because otherwise the high-altitude points fall very
close together. Note that both maximal ventilation and
heart rate fall at extreme altitudes because work levels
become so low. However, respiratory frequency continues
to increase. (From West et al. 1983a.) (1 Torr �1 mmHg)



and there is a maximal value although there are 
only four points on the curve. A similar pattern was
found during the 1960–61 Silver Hut Expedition.
For example, the maximal exercise ventilation at
5800 m had a mean value of 173 L min�1. At an alti-
tude of 6400 m this had fallen to 161, while at an alti-
tude of 7440 m, the value was only 122 L min�1.
Corresponding to the fall in maximal exercise venti-
lation, the V�O2,max decreased from 1200 kg min�1

at 5800 m, to 900 kg min�1 at 6400 m, to 600 kg
min�1 at 7400 m. These extremely high exercise ven-
tilations are facilitated, only in part, by the reduced
work of breathing as a result of the lowered density
of the air at high altitude. The reduced density also
results in an increased maximal voluntary ventila-
tion (or maximum breathing capacity) as altitude is
increased (Cotes 1954). For example, Cotes showed
that the maximal voluntary ventilation (BTPS)
increased from 158 at sea level to 197 L min�1 at
a simulated altitude of 5180 m in a low-pressure
chamber. In a further study, a mean value of
203 L min�1 was observed at a simulated altitude of
8250 m (Cotes 1954). The increase in MVV was
compatible with the hypothesis that the work of
maximum breathing remains constant at high alti-
tude. The reduction in the work of breathing at high
altitude caused by the change in gas density was also
analyzed by Petit et al. (1963).

Oxygen breathing reduces exercise ventilation
for a given work rate at high altitude. However, as
Fig. 11.4 shows, the ventilations do not return to
the sea level values but are intermediate between
the high altitude and sea level values for ambient
air. This observation is probably secondary to the
increased sensitivity of the carotid body which is
the primary organ of ventilatory acclimatization
(see Chapter 5).

The pattern of breathing during exercise at high
altitude is characterized by very high frequencies
and relatively small tidal volumes. Somervell’s
observation referred to in section 11.2 of 7 to 10
complete respirations per step is evidence for that.
The highest measurements of respiratory frequency
and tidal volume yet made were those on Pizzo dur-
ing the 1981 Everest expedition (West et al. 1983a).
He climbed for about 7 min at an altitude of 8300 m
(PB 271 mmHg) while measuring his ventilation
with a turbine flow meter, and the output was regis-
tered on a slow-running tape recorder. During the
middle 4 min of this period, his mean respiratory

frequency was 86 �2.8 (SD) breaths per minute,
mean tidal volume was 1.26 L, and mean ventilation
was 107 L min�1 at BTPS. Thus, his breathing was
shallow and extremely rapid. Reference has already
been made to the measurements of maximal exer-
cise at an inspired PO2 of 42.5 mmHg correspon-
ding to that on the Everest summit which was
obtained by making the subjects inspire 14% oxy-
gen at an altitude of 6300 m. For two subjects, the
mean respiratory frequency was 80 breaths min�1.
This tachypneic response of a low tidal volume,
high frequency pattern is the body’s attempt to
minimize the overall work of breathing.

This pattern of breathing is consistent with the
very powerful hypoxic drive via the peripheral
chemoreceptors. As pointed out in Chapter 5, it is
remarkable that the hypoxic drive is so strong
under these conditions because the arterial PCO2 is
less than 10 mmHg and the arterial pH is over 7.7.
A very low PCO2 and high pH normally inhibit ven-
tilation, but the over-riding hyperventilatory stim-
ulus is the marked hypoxemia.
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Figure 11.4 Effect of breathing oxygen at sea level
pressure on ventilation and heart rate in acclimatized
subjects at 5800 m. The points are mean values from
two subjects. (From Pugh et al. 1964.)



11.4 VENTILATION–PERFUSION
RELATIONSHIPS

For many years, it was believed that the only change
in ventilation–perfusion relationships at high alti-
tude was a more uniform topographical distribu-
tion of blood flow. This is caused by the increased
pulmonary arterial pressure as a result of hypoxic
pulmonary vasoconstriction (Chapter 7). For exam-
ple, measurements with radioactive xenon have
shown that the topographical differences of blood
flow between apex and base of the upright lung are
reduced at an altitude of 3100 m (Dawson 1972). As
discussed in Chapter 12, measurements by Wagner
and his co-workers show a broadening of the distri-
bution of ventilation–perfusion ratios during high
levels of hypoxic exercise, the cause of which is still
uncertain. The change in the distribution of venti-
lation and perfusion demonstrates an increase in
blood flow to poorly ventilated lung units, seen in
normal subjects who are exercising while acutely
exposed to hypoxia in a low pressure chamber
(Gale et al. 1985), exercising normal subjects who
are inhaling low oxygen mixtures (Hammond et al.
1986), and normal subjects during a 40-day expo-
sure to low pressure in a chamber during Operation
Everest II (Wagner et al. 1988b). Evidence from this
last study suggests that the ventilation–perfusion
abnormalities are most likely to be seen in poorly
acclimatized subjects after a rapid ascent. In gen-
eral, the abnormalities were most marked at the
most severe levels of hypoxia, and at the heaviest
exercise levels.

Acclimatization does convey a modest improve-
ment in gas exchange as noted by Wagner et al.
(2002) and Lundby et al. (2004). They studied low-
landers before and after ascent and over 8 weeks at
4100 m and found an improvement in exercise Sa,O2

that was secondary both to a modest improvement
in the (A � a)DO2 as well as ongoing ventilatory
adaptation. On the other hand, litter greyhounds
exposed to high altitude for 5 months had higher
diffusion capacities than control dogs, suggesting
that actual improvement in pulmonary function
and gas exchange from the effect of high altitude
requires that the exposure needs to be during the
somatic maturation (McDonough et al. 2006.)
These findings support previous impressions in
humans that actual changes in pulmonary function

and gas exchange can only occur during the 
formative growth phase. The study by Lundby et al.
(2004) supports the findings of improved gas
exchange in lowlanders during altitude exposure
which still could not achieve that of high altitude
natives.

A reasonable hypothesis to explain the impair-
ment in gas exchange is that these changes are
caused in some way by subclinical pulmonary edema
which results in inequality of ventilation. As dis-
cussed in Chapter 19, high altitude pulmonary
edema is a well-known complication of going 
to high altitude. The likely mechanism is uneven
hypoxic pulmonary vasoconstriction, which allows
some capillaries to be exposed to high pressure 
with subsequent damage to their walls (West and
Mathieu-Costello 1992). The increase in pulmonary
artery pressure is exaggerated during heavy exercise
(Groves et al. 1987). There is further evidence of
microvascular leak in the extremities of unaccli-
matized individuals which was accentuated during
exercise which suggests that a similar process occurs
in the lung (Bauer et al. 2006.)

11.5 DIFFUSION

As discussed in Chapter 6, there is strong evidence
that diffusion limitation of oxygen transfer in the
lung occurs during exercise at high altitude. This is
the primary reason for the fall in arterial PO2 and
arterial oxygen saturation which has been consis-
tently observed. Analysis of the situation at extreme
altitude indicates that the diffusing capacity of the
blood-gas barrier is one of the chief limiting factors
for maximal exercise (Chapter 12).

There is no evidence that the diffusing capacity
of the blood-gas barrier increases during acclimati-
zation to high altitude in normal subjects, whereas
high altitude natives demonstrate higher diffusion
capacities compared to lowlanders (Wagner et al.
2002). Measurements from the 1960–61 Silver Hut
Expedition showed that the diffusing capacity of
the blood-gas barrier for a given level of exercise
was the same as at sea level (West 1962). Overall
pulmonary diffusing capacity for carbon monoxide
increased by 19% at an altitude of 5800 m, but this
could be attributed to the more rapid rate of com-
bination of carbon monoxide with oxygen because
of the low prevailing PO2. The volume of blood in
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the pulmonary capillaries as determined by mea-
suring the diffusing capacity at two values of alveo-
lar PO2 showed no change or possibly a slight fall.
This may have been due to hypoxic pulmonary
vasoconstriction.

These results also imply that, in acclimatized
subjects, the transit time for red cells in the pul-
monary capillaries at a given work level is approxi-
mately the same as at sea level. The transit time of
the pulmonary capillary blood is given by the pul-
monary capillary blood volume divided by the 
cardiac output (Roughton 1945). As discussed in
Chapter 7, there is good evidence that in acclima-
tized lowlanders at high altitude, the cardiac output
for a given work level is the same as at sea level
(Pugh 1964, Reeves et al. 1987). Thus, since both the
pulmonary capillary blood volume and the cardiac
output are essentially unchanged, this indicates that
the transit time through the pulmonary capillaries
will also be the same as at sea level, but because of
the lower driving pressure for oxygen from the air to
the blood, there is still not enough time for equili-
bration into the pulmonary capillary blood.

11.6 CARDIOVASCULAR RESPONSES

These were discussed in Chapter 7. In non-
acclimatized and poorly acclimatized lowlanders
who go acutely to high altitude, cardiac output at
rest and during exercise for a given work level is
increased compared with sea level values. The same
is true of heart rate.

In acclimatized lowlanders, cardiac output for a
given work level returns to its sea level value 
as shown by Pugh (1964) during the 1960–61 
Silver Hut Expedition, and more recently during
Operation Everest II (Reeves et al. 1987). However,
heart rate for a given level of exercise remains 
higher at altitude and therefore stroke volume is less.
Maximum heart rate, on the other hand, decreases
with duration of stay at high altitude, especially very
high altitude (Lundby et al. 2001, 2004, 2006, Lundby
and van Hall, 2001). Measurements of contractile
function of the heart during Operation Everest II in
exercising subjects at all altitudes showed remarkable
preservation in spite of the very severe hypoxemia
(Reeves et al. 1987).

Pulmonary artery pressures are increased during
exercise at altitude compared with sea level values

at the same work level. The elevated pressures are
seen in both unacclimatized (Kronenberg et al.
1971) and acclimatized (Groves et al. 1987) lowland-
ers, and in native highlanders (Penaloza et al.
1963, Lockhart et al. 1976). The basic cause of the
pulmonary hypertension is presumably hypoxic
pulmonary vasoconstriction. However, it is of con-
siderable interest that in the subjects of Operation
Everest II, the pulmonary vascular pressures did not
return to normal when 100% oxygen was breathed
even though the subjects had been at high altitude
only 2 or 3 weeks (Groves et al. 1987). This indi-
cates some structural changes (remodeling) in the
pulmonary arteries in addition to hypoxic vasocon-
striction even in this relatively brief time of expo-
sure to hypobaria.

Interest in the effect of increased pulmonary vas-
cular resistance during altitude exposure on cardiac
output and thus exercise performance has generated
studies on pharmacologic intervention to minimize
that rise. Sildenafil, a phosphodiesterase type 5
inhibitor, potently inhibits hypoxic pulmonary
vasoconstriction. Richalet et al. (2005a) carried out
a randomized, double-blind, placebo-controlled
(RDBPC) trial of sildenafil and placebo in subjects
exposed for 6 days at 4350 m. Pulmonary artery
pressure (PAP) rose 29% upon hypoxic exposure
before medication. Sildenafil resulted in a PAP 
that was 6% less than sea level values, a lower alveo-
lar–arterial oxygen difference, and a decrease on
exercise performance that was less than the placebo
group (Figs 11.5 and 11.6). At Everest base camp
(approx. 5400 m) Ghofrani et al. (2004) looked at
the effect of acute administration of sildenafil to
subjects during exercise in another RDBPC trial and
found a lower PAP, a higher Sa,O2, and greater work
capacity than on placebo. Hsu et al. (2006) exposed
10 cyclists to normoxia and simulated high altitude
(approx. 3874 m, FI,O2�0.128) on placebo and three
doses (0, 50 and 100 mg) of sildenafil, and studied
cardiac performance as well as time trial lengths of
10 km at sea level and 5 km during hypoxia. During
hypoxia sildenafil resulted in an increase in stroke
volume and cardiac output and a mean decrease of
15% time in the time trial time but no difference
with normoxia. Of interest was the finding that
there were responders (39% decrease in time trial
time) and nonresponders (1% decrease). This latter
finding is fascinating and reinforces the notion that,
as in most physiologic responses, the PAP response
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Figure 11.6 Echocardiographic evaluation of pulmonary hemodynamics. PAP: pulmonary artery pressure. *p � 0.05
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to hypoxia is a genetically controlled mechanism
that is different in each person. These last studies
and others will spawn an important area of research
in the next few years.

11.7 ARTERIAL BLOOD GASES

At high altitude, the resting pattern of a low arterial
PO2 and PCO2 is also seen during exercise. Arterial
PO2 typically falls further on exercise because of dif-
fusion limitation. In addition, at high work levels,
the arterial PCO2 often falls below the resting value,
indicating that alveolar ventilation increases more
than CO2 production. The falling PCO2 is associated
with an increased respiratory exchange ratio which
may rise to values over 1.2 at the highest work loads
at very high altitudes (West et al. 1983a). This repre-
sents an unsteady state since the respiratory quo-
tient of the metabolizing tissues in a sustainable
energy output cannot exceed 1.0. At sea level, such
an increase in respiratory exchange ratio is often

associated with lactate production from exercising
muscles as a result of anaerobic glycolysis. However,
at very high altitude, blood lactate levels remain 
surprisingly low even following exhausting exercise
(Edwards 1936, Cerretelli 1980, West 1986, Lundby
et al. 2000).

Arterial pH is near normal in well-acclimatized
subjects up to altitudes of about 5400 m though
Winslow obtained evidence that there is often a
small degree of uncompensated respiratory alkalo-
sis, even in native highlanders (Winslow et al. 1981,
Winslow and Monge 1987). At higher altitudes, the
arterial pH at rest tends to increase, and it exceeded
7.7 in one subject on the Everest summit (West 
et al. 1983b). The respiratory alkalosis is exagger-
ated on exercise because the arterial PCO2 tends to
fall and levels of blood lactate are low.

As stated in section 11.2, extensive observations
that blood lactate is low in acclimatized subjects 
at high altitude, even during maximal work, were
first made by Edwards (1936) during the 1935
International High Altitude Expedition to Chile,
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Figure 11.7 Venous blood lactate after exercise as reported by Edwards from the 1935 International High Altitude
Expedition to Chile. The lines are drawn through the sea-level values. In general, lactate levels at high altitude lie on the
same line, the only obvious exceptions being measurements made at the lowest altitude of 2.81 km. The small figures
above these points indicate the number of days spent at that altitude and in most instances this was insufficient for
acclimatization. (From Edwards 1936.)



although Dill et al. (1931) had obtained some data
prior to that. Figure 11.7 is redrawn from Edward’s
paper and shows that the levels of blood lactate dur-
ing exercise at high altitude (up to 5340 m) were
essentially the same as at sea level. This means that
the blood lactate levels for a given work level were
apparently independent of tissue PO2. The only 
clear exceptions to this were the points shown by 
the open circles which were obtained at the lowest
altitude of 2810 m. The days spent at altitude are
shown on the abscissa, and it is clear that in most
instances these data were obtained before the sub-
ject had had time to become fully acclimatized.
Since maximal work capacity declines markedly
with increasing altitude, the data of Fig. 11.6 imply
that maximal blood lactate falls in acclimatized sub-
jects as altitude increases.

These results have been extended by Cerretelli
(1976a,b, 1980) with additional measurements
made at an altitude of 6300 m on the 1981 AMREE
(West et al. 1983a). Figure 12.5 summarizes the data
on resting and maximal blood lactate (West 1986)
and suggests the surprising conclusion that, after
maximal exercise at altitudes exceeding 7500 m,
there will be no increase in lactate in the blood at all
in spite of the extreme oxygen deprivation. Possible
reasons for this are discussed in more detail in
Chapter 12.

11.8 PERIPHERAL TISSUES

The changes that occur in peripheral tissues at high
altitude were discussed in Chapter 10. Animal stud-
ies indicate an increase in capillary density in some
tissues as a result of chronic hypoxia. However, data
available from human muscle biopsies indicate 
that the number of capillaries remains constant 
in acclimatized lowlanders with no increase of
mRNA expression of regulatory factors for angio-
genesis (VEGF) during acclimatization to 4100 m
(Lundby et al. 2004). On the other hand, the aver-
age distance over which oxygen diffuses is reduced
because the muscle fibers become smaller, perhaps
secondary to ongoing oxidative damage with pro-
longed high altitude exposure (Lundby et al. 2004b).
There are changes in intracellular enzymes, and
some studies show an increase in muscle myoglo-
bin which may enhance oxygen diffusion. All these

factors will play an important role in oxygen deliv-
ery and utilization during exercise.

Recently, there has been considerable interest in
the possible role of oxygen diffusion from capillar-
ies to mitochondria as a factor limiting exercise 
at high altitude. Traditionally, many physiologists
have argued that the power of working muscles at
high altitude is determined by the amount of oxy-
gen reaching them via the arterial blood. Oxygen
delivery defined as the arterial oxygen concentra-
tion multiplied by the blood flow to the muscle has
often been regarded as the critical variable.

Wagner and his co-workers have analyzed the
relationship between oxygen uptake and the PO2 of
muscle capillary blood on the assumption that 
the uptake is limited by oxygen diffusion from the
capillaries to the mitochondria (Hogan et al. 1988a).
Figure 11.8a shows a diagram relating oxygen uptake
to the PO2 of muscle venous blood, taken as an 
index of muscle capillary PO2. The line sloping 
from top left to bottom right shows the amount of
oxygen being delivered to the muscle by the capillar-
ies (Fick principle). The line from bottom left to top
right shows the pressure gradient available to cause
oxygen diffusion from the red cells to the mitochon-
dria (Fick’s law) assuming that the mitochondrial
PO2 is nearly zero. The slope of this line is the
lumped ‘diffusing capacity for oxygen’ of the tissues.
The point where the two diagonal lines cross repre-
sents the V�O2,max. Regions to the left of this indicate
situations where ample oxygen is available in the
blood but the diffusing head of pressure is inade-
quate. Regions to the right indicate a more than ade-
quate diffusing head of pressure but inadequate
amounts of oxygen in the blood.

Figure 11.8b shows the same diagram with
another line added indicating the presumed situa-
tion at high altitude. Because the oxygen concentra-
tion of the arterial blood is low, the line representing
the Fick principle is displaced downwards and to the
left. The V�O2,max is therefore lower. The diagram
assumes that the ‘diffusing capacity for oxygen’ of
the tissue is the same at sea level and at altitude. It
could be argued that this is not the case if the diffus-
ing distance is reduced by the appearance of more
capillaries, or the size of muscle fibers is reduced.
However, experimental evidence indicates that these
factors are unimportant and that the diffusing
capacity is essentially determined by the number 
of open capillaries (Hepple et al. 2000), congruent
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with the fact that most of the fall in PO2 is believed
to be at the capillary wall (see Chapter 10), and that
the myoglobin or other mechanisms of enhanced
intracellular transport make the diffusion distance
unimportant.

Several pieces of evidence now support this con-
cept. For example, a retrospective analysis of data
from Operation Everest II showed that the points
relating the PO2 of mixed venous blood to oxygen
uptake tend to lie on a straight line passing through
the origin. On the assumption that the PO2 of mixed
venous blood reflects the PO2 of the blood in the
capillaries of the exercising muscles, this relation-
ship supports the notion. Indeed, it was this obser-
vation that prompted the hypothesis.

More direct evidence comes from a prospective
study in which normal subjects exercised at high
work loads breathing hypoxic mixtures, and sam-
ples of femoral venous blood were taken via an
indwelling catheter (Roca et al. 1989). Again a plot
of the PO2 of femoral venous blood against oxygen
uptake for different inspired oxygen concentrations
showed the points lying close to a straight line pass-
ing near to the origin. A similar plot was found
when the calculated mean capillary PO2 was substi-
tuted for femoral venous PO2.

Additional studies have been carried out on an
isolated dog gastrocnemius preparation where 
the muscle was supplied with hypoxic blood and
stimulated maximally. Again a good relationship
was found between the PO2 of the effluent blood 

and the maximal oxygen uptake at different levels 
of hypoxia (Hogan et al. 1988a). This preparation
allowed a test of two competing hypotheses, that
referred to above, and an alternative hypothesis that
V�O2,max is determined by the amount of oxygen
delivered to the muscle via the blood. The test was
made by supplying the isolated muscle with the
same amounts of oxygen (arterial oxygen concen-
tration � blood flow) but using different blood
flows (and therefore oxygen concentrations). The
results showed that V� O2,max was more closely related
to the PO2 of muscle venous blood than to the oxy-
gen delivered via the arterial blood, and therefore
the results support the hypothesis of diffusion limi-
tation (Hogan et al. 1988b).

The diffusion-limitation hypothesis has also been
tested in more recent studies. In one, the oxygen
affinity of hemoglobin was increased by feeding
dogs sodium cyanate, and it was shown that for 
the same convective oxygen delivery (cardiac output
times arterial oxygen concentration) the maximal
oxygen concentration of dog muscle was reduced
compared with animals in which the oxygen affinity
was normal (Hogan et al. 1991). The converse
experiment was also carried out by reducing the
oxygen affinity of hemoglobin using the allosteric
modifier methylpropionic acid. In this case, the dog
muscle showed an increased maximal oxygen con-
sumption at a constant blood oxygen delivery com-
pared with an animal with a normal oxygen affinity
of hemoglobin (Richardson et al. 1998). Therefore,
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Figure 11.8 (a) Diagram to show how V�O2,max is determined assuming that oxygen diffusion from the peripheral
capillary to the mitochondria is the limiting factor. The two lines show the oxygen uptake available from the Fick
principle on the one hand, and Fick’s law of diffusion on the other. The V�O2,max is given by the intersection of the two
lines. See text for more details. (From Wagner 1988a.) (b) As (a) except an additional line has been added to represent the
Fick equation at high altitude. This reduces the V�O2,max as shown. See text for further details. (From Wagner 1988a.)



there are considerable experimental data supporting
the analysis shown in Fig. 11.8.

11.9 ACE GENE AND ALTITUDE
PERFORMANCE

Recently, there has been great interest in the poly-
morphism of the angiotensin converting enzyme
(ACE) gene and deletions or insertions of the I 
and D alleles. ACE constricts microvascular tone.
Insertion of the I allele leads to inhibition of ACE
while deletion of the D allele leads to increased ACE
activity and vasomotor tone.

Most (Montgomery et al. 1999, Myerson et al.
1999, Woods, 2000) but not all studies (Rankinen 
et al. 2000 and 2000a) show a strong association of
the endurance athletic performance and insertion of
the I-allele in the ACE gene, resulting in an inhibi-
tion of the microvasoconstrictive response in the
tissues. Some studies have shown a similar associa-
tion between the insertion of the I-allele and per-
formance at very high altitudes (Montgomery et al.
1998, Tsianos 2005). This same configuration is also
linked with a greater hyperventilatory response to
hypoxic exercise (Patel et al. 2003). The implications
of these findings are not clear but suggest that a bet-
ter understanding of the genetic signal of physio-
logic responses is on the horizon.

11.10 MAXIMAL OXYGEN UPTAKE AT
HIGH ALTITUDE

Many investigators have documented the fall in max-
imal oxygen uptake at high altitude since the early
studies of Zuntz et al. (1906), and the results of
Pugh and his co-workers are shown in Fig. 11.1.
Figure 11.9 shows data from a number of studies col-
lated by Cerretelli (1980). Note that, even at the very
modest altitude of 2500 m, there is already an aver-
age decrease of V�O2,max of 5–10% as compared 
to sea level. Cerretelli pointed out that these data do
not show any consistent differences between subjects
exposed to acute hypoxia and those who have had
the advantage of acclimatization to high altitude.
This conclusion goes against the experience of many
climbers who feel that they can work harder at 
high altitude after acclimatization, and the conclu-
sion cannot presumably be true at the most extreme
altitudes where acute exposure to the prevailing
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Figure 11.9 (a) V�O2,max as a percentage of the sea-level
value plotted against barometric pressure and altitude.
(open circles, triangles), acute hypoxia; (closed circles),
chronic hypoxia; (crosses), high-altitude natives. See
original text for complete explanation of symbols. (From
Cerretelli 1980.) (b) Maximal oxygen uptake against
inspired PO2 as measured on the 1981 American Medical
Research Expedition to Everest. The lowest point was
obtained by giving well-acclimatized subjects at an
altitude of 6300 m an inspired gas mixture containing
14% oxygen. The inspired PO2 was 42.5 mmHg which is
equivalent to that on the Everest summit. Compare
Figure 11.2. (Modified from West et al. 1983a.)
( 1 Torr �1 mmHg)



barometric pressure (for example, on the summit 
of Mount Everest) results in loss of consciousness
within a few minutes in most unacclimatized indi-
viduals. It is of interest that some, but not all, elite
high altitude climbers have only moderately high
levels of maximal oxygen consumption at sea level
(Oelz et al. 1986).

These data on maximal oxygen uptake were
extended by the 1981 AMREE studies, where mea-
surements were made at an altitude of 6300 m on
subjects breathing ambient air, but also breathing 16
and 14% oxygen (West et al. 1983a). The last gave an
inspired PO2 of 42.5 mmHg equivalent to that on the
Everest summit. The results are shown in Fig. 11.10
where it can be seen that in these subjects who were
well acclimatized to very high altitude, the V�O2,max

fell to 15.3 mL min�1 kg�1 O2 which was equivalent
to 1.07 L min�1. Thus at the highest point on Earth,
the maximal oxygen uptake is reduced to between 20
and 25% of the sea level value. As pointed out in
Chapter 12, this oxygen uptake is equivalent to that
seen when a subject walks slowly on the level but
nevertheless is apparently sufficient to explain how
Messner and Habeler were able to reach the Everest
summit without supplementary oxygen in 1978.
Indeed Messner’s statement that the last 100 m took
more than an hour to climb fits with this measured
oxygen uptake (Messner 1979).

Measurements of V� O2,max at various altitudes
were also made during Operation Everest II and 
the data are almost superimposable on those shown
in Fig. 11.9b at the highest altitudes (Sutton et al.
1987). This is interesting because the subjects of
Operation Everest II were probably not as well accli-
matized to the extreme altitudes as the members of
the 1981 expedition as judged from their alveolar
gas composition and other measurements (West
1993). The values for V� O2,max at any given altitude as
determined by the 1981 Everest expedition (Fig.
11.9b) are higher than those earlier reported by
Pugh et al. (1964) based on measurements made
during the Silver Hut Expedition and previous
measurements on Mount Everest. This can be
explained by the higher level of fitness of subjects on
the 1981 expedition. For example, several of the
AMREE members were competitive marathon run-
ners with very high maximum aerobic capacities as
measured at sea level.

Several studies since the early measurements 
of Douglas et al. (1913) have shown that the rela-

tionship between oxygen uptake and work rate 
(or power) is independent of altitude. Figure
11.10(a) shows a comparison of data from the
1960–61 Himalayan Scientific and Mountaineering
Expedition, and Fig. 11.10b from the 1981 Everest
expedition. The message of the two plots is the
same but note the much higher work rates at sea
level recorded prior to the 1981 expedition which
is further evidence of the high level of athletic 
ability of these subjects.
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Figure 11.10 (a) Oxygen uptake plotted against work
rate at various altitudes during the Silver Hut Expedition
showing that the relationship remains essentially the
same as at sea level. (From Pugh et al. 1964.) (b) Similar
plot as in (a) but showing the much higher work rates at
sea level obtained during the 1981 AMREE expedition.
(From West et al., 1983a.) (1 Torr �1 mmHg)



As indicated earlier, breathing pure oxygen at
high altitude does not return the V�O2,max to the 
sea level value as shown by Cerretelli (1976a) and
others. The reason is unclear; the opposite might 
be expected since the subjects acclimatized to high
altitude have higher blood haemoglobin levels.
However, against this are the results of a more recent
study showing that when erythrocytes were infused
into lowlanders after 1 or 9 days at an altitude of
4300 m, there was no improvement in the decreased
V�O2,max (Young et al. 1996). It has been suggested
that the reduced V�O2,max is caused by the loss of
muscle mass at high altitude, and that if V�O2,max

were related to lean body mass, the reduction would
not be found. As discussed in Chapter 10, the diam-
eter of muscle fibers decreases during acclimatiza-
tion. Another possibility is that the increased red
blood cell concentration causes uneven blood flow
and sludging in peripheral capillaries and this inter-
feres with oxygen unloading.

Does a period of acclimatization at high alti-
tude improve V�O2,max at sea level? Again the answer
is not clear. Cerretelli (1976a) measured V�O2,max in
a group of subjects at sea level shortly before they
were exposed to an altitude of 5350 m for 10–12
weeks, and again at sea level about four weeks 
after return from altitude. Although there was an
approximately 11% increase in hemoglobin con-
centration, this was not accompanied by a statisti-
cally significant rise in V�O2,max. On the other hand,
more recent studies involving the reinjection of a
subject’s own red cells in order to raise the hemat-
ocrit have shown a small but significant increase in
V�O2,max at sea level (Spriet et al. 1986). This result
would suggest that a period at medium altitude
(certainly lower than 5350 m) may improve exer-
cise tolerance at sea level. Perhaps the reduction 
of muscle fiber size at very high altitudes is the

explanation for the failure to see an increase in
V�O2,max after acclimatization at very high altitude.
As noted above, erythrocyte infusions into lowlan-
ders exposed to an altitude of 4300 m for 1 or 9
days did not improve the V�O2,max at that altitude
(Young et al. 1996).

It should be pointed out that the V�O2,max deter-
mined at any particular altitude is something of an
artificial measurement because climbers, for exam-
ple, do not ordinarily exercise at that intensity.
Pugh (1958) showed that climbers typically select
an oxygen uptake of one-half to three-quarters of
their maximum for normal climbing at altitudes
up to 6000 m. Actual values of oxygen uptake
measured by Pugh during normal climbing are
included in Fig. 11.1.

11.11 ANAEROBIC PERFORMANCE AT
HIGH ALTITUDE

Reference has already been made to the paradoxi-
cally low levels of blood lactate following exhaus-
tive exercise at extreme altitude (section 11.7, Fig.
11.5). This phenomenon may be related to the
reduced plasma bicarbonate concentration which
interferes with buffering of hydrogen ion as dis-
cussed in Chapter 12. Cerretelli (1992) has shown
that the rate of increase of V�O2 when exercise is
suddenly begun was slower in subjects after return
from the 1981 Swiss Lhotse Expedition compared
with before departure. This finding may be related
to changes in anaerobic performance. However, it
was also shown that maximal anaerobic (alactic)
‘peak’ power as measured by a standing jump was
not affected by exposure of up to three weeks at
5200 m. Thereafter it tended to fall along with the
reduction of muscle mass.
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SUMMARY

The fact that a well-acclimatized human can just
reach the summit of Mount Everest, the highest
point on Earth, without breathing supplementary
oxygen is an extraordinary coincidence. Several
experimental and theoretical studies in the early
part of the twentieth century predicted that this
would not be possible, and therefore it was of great
interest when Messner and Habeler realized the
feat in 1978. A critical factor is the higher baromet-
ric pressure in the great mountain ranges at lati-
tudes near the equator than that predicted by the
Standard Atmosphere. Another critical factor is 
the extreme hyperventilation that the successful
climbers generate, thus forcing their alveolar PCO2

below 10 mmHg and consequently defending their
alveolar PO2 at viable levels. Also important is the
marked respiratory alkalosis that increases the oxy-
gen affinity of hemoglobin and thus assists in the
loading of oxygen by the pulmonary capillary.
Even so, the maximal oxygen consumption on 
the summit of Everest is only just above 1 L min�1,
and the arterial PO2 is less than 30 mmHg during 
physical work. The analysis of the physiological
conditions near the Everest summit explains 
why tragedies occur when unexpected circum-
stances arise, such as deterioration of the weather.

The fact that normal humans can survive the
extreme derangement of blood gases which is nec-
essary for these climbs to extreme altitudes is a
graphic reminder of the resilience of the human
organism.

12.1 INTRODUCTION

It is a remarkable coincidence that when humans
are well acclimatized to high altitude, they can just
reach the highest point on Earth without breathing
supplementary oxygen. This feat was first realized
in 1978 and many physiologists and physicians
interested in high altitude had previously predicted
that it would not be possible (West 1998). It was
truly the end of an era when Messner and Habeler
stood on the summit of Mount Everest on 8 May
1978.

This chapter examines the profound physiologi-
cal changes that are necessary for humans to survive
and do small amounts of work at extreme altitudes
like the summit of Mount Everest. It includes an
analysis of the factors that limit performance at these
great altitudes and shows that such ascents are possi-
ble only if both the physiological make-up of the
climber and physical factors such as barometric pres-
sure are right.



12.2 HISTORICAL

12.2.1 Sixteenth to nineteenth centuries

It has been known for many centuries that very high
altitude has a deleterious effect on the human body
and that the amount of work that a person can do
becomes more and more limited as the altitude
increases. One of the first descriptions of the dis-
abling effects of high altitude was given by the Jesuit
missionary Joseph de Acosta who accompanied the
early Spanish conquistadores to Peru in the sixteenth
century. He described how, as he traveled over a high
mountain, he ‘was suddenly surprised with so mortall
and strange a pang, that I was ready to fall from the
top to the ground.’ His dramatic description was first
published in 1590 (Acosta 1590).

In the eighteenth century, climbers in the
European Alps reported a variety of disagreeable
sensations which now seem to us greatly exagger-
ated. For example, the physicist De Saussure, who
was the third person to reach the summit of Mont
Blanc, reported during the climb:

When I began this ascent, I was quite out of
breath from the rarity of the air . . . The kind
of fatigue which results from the rarity of the
air is absolutely unconquerable; when it is at
its height, the most terrible danger would not
make you take a single step further.

When he was near the summit he complained of
extreme exhaustion:

This need of rest was absolutely unconquer-
able; if I tried to overcome it, my legs refused
to move, I felt the beginning of a faint, and
was seized by dizziness. . . .

On the summit itself he reported:

When I had to get to work to set out the instru-
ments and observe them, I was constantly
forced to interrupt my work and devote myself
to breathing.

(de Saussure, 1786–7)

These dramatic complaints at an altitude of only
4807 m or less reflect a combination of almost no
acclimatization and the fear of the unknown.

In the nineteenth century numerous ascents
were made of higher mountains, including those 

in the Andes, and there were abundant accounts of
the disabling effects of extreme altitude. In 1879,
Whymper made the first ascent of Chimborazo
and described how, at an altitude of 5079 m
(16 664 ft), he was incapacitated by the thin air:

. . . in about an hour I found myself lying on
my back, along with both the Carrels [his
guides], placed hors de combat, and inca-
pable of making the least exertion. . . . We
were unable to satisfy our desire for air, except
by breathing with open mouths. . . . Besides
having our normal rate of breathing largely
accelerated, we found it impossible to sustain
life without every now and then giving spas-
modic gulps, just like fishes when taken out
of water.

(Whymper 1892)

However, Whymper and his two guides gradually
recovered their strength and in fact his lively
account shows that he was aware of the beneficial
effects of high altitude acclimatization.

In the latter part of the nineteenth century,
there was considerable interest in the highest alti-
tude that could be tolerated by climbers. Thomas
W. Hinchliff, President of the (British) Alpine Club
(1875–77), wrote an account of his travels around
the world and described his feelings as he looked at
the view from Santiago in Chile.

Lover of mountains as I am, and familiar
with such summits as those of Mont Blanc,
Monte Rosa, and other Alpine heights, I could
not repress a strange feeling as I looked at
Tupungato and Aconcagua, and reflected
that endless successions of men must in all
probability be forever debarred from their
lofty crests. . . . Those who, like Major Godwin
Austen, have had all the advantages of expe-
rience and acclimatization to aid them in
attacks upon the higher Himalayas, agree
that 21,500 ft [6553 m] is near the limit at
which man ceases to be capable of the slight-
est further exertion.

(Hinchliff 1876)

12.2.2 Twentieth century

In 1909, the Duke of Abruzzi attempted an ascent
of K2 in the Karakoram Mountains, and although

162 Limiting factors at extreme altitude



his party was unsuccessful in reaching the summit,
they attained the remarkable altitude of 7500 m with-
out supplementary oxygen. According to the Duke’s
biographer, one of the reasons given for this expedi-
tion was ‘to see how high man can go’ (de Fillippi
1912), and certainly the climb had a dramatic effect
on both the mountaineering and the medical 
communities interested in high altitude tolerance. In
contrast to the florid accounts of paralyzing fatigue
and breathlessness given by De Saussure, Whymper
and others at much lower altitudes, the Duke 
made light of the physiological problems associated
with this great altitude. However, as we saw earlier
(Chapter 6), his feat prompted heated arguments
among physiologists about whether the lungs actively
secreted oxygen at this previously unheard-of
altitude.

Ten years later, a milestone in the history of the
physiology of extreme altitude was provided by the
British physiologist, Alexander M. Kellas, whose
contributions have been largely overlooked. Kellas
was lecturer in chemistry at the Middlesex Hospital
Medical School in London during the first two
decades of the century, but, despite this full-time
faculty position, managed to make eight expeditions
to the Himalayas, and probably spent more time
above 6100 m than anyone else. In 1919 he wrote an
extensive paper entitled ‘A consideration of the pos-
sibility of ascending Mount Everest,’ which was not
published until 2001 (Kellas 2001). In this he ana-
lyzed the physiology of a climber near the Everest
summit, including a discussion of the summit alti-
tude, barometric pressure, alveolar PO2, arterial oxy-
gen saturation, maximal oxygen consumption and
maximal ascent rate. On the basis of his study he
concluded that:

Mount Everest could be ascended by a man
of excellent physical and mental constitution
in first-rate training, without adventitious
aids [supplementary oxygen] if the physical
difficulties of the mountain are not too great.

The importance of this study was not so much that
he reached the correct conclusion. He had so few
data that many of his calculations were erroneous.
However, Kellas asked all the right questions and
he can claim the distinction of being the first phys-
iologist to seriously analyze the limiting factors at
the highest point on Earth. It was not until almost
60 years later that all his predictions were fulfilled.

Kellas was a member of the first official recon-
naissance expedition to Everest in 1921, but tragi-
cally he died during the approach march just as the
expedition had its first view of the mountain they
came to climb. Three years later, E.F. Norton, who
was a member of the third Everest expedition,
reached a height of about 8589 m on the north side
of Everest without supplementary oxygen. He was
accompanied to just below that altitude by Dr T.H.
Somervell, who collected alveolar gas samples at an
altitude of 7010 m, though unfortunately these
were stored in rubber bladders through which the
carbon dioxide rapidly diffused (Somervell 1925).
Somervell also referred to the extreme breathless-
ness at that altitude, stating that ‘for every step for-
ward and upward, 7 to 10 complete respirations
were required.’

The summit of Everest was finally attained in
1953 by Hillary and Tenzing (Hunt 1953). Naturally,
this was a landmark event in the physiology of
extreme altitude, but the fact that the two climbers
used supplementary oxygen still did not answer the
question of whether it was possible to reach the
summit breathing air. Hillary did remove his oxygen
mask on the summit for about 10 min and at the
end of the time reported:

I realized that I was becoming rather clumsy-
fingered and slow-moving, so I quickly replaced
my oxygen set and experienced once more
the stimulating effect of even a few litres of
oxygen.

Nevertheless, the fact that he could survive for a
few minutes without additional oxygen came as a
surprise to some physicians who had predicted
that he would lose consciousness.

However, there was a precedent for surviving for
this period on the summit in the experiment
Operation Everest I, carried out by Houston and
Riley in 1945. As briefly described in Chapter 1, four
volunteers spent 34 days in a low pressure chamber
and two were able to tolerate 20 min without supple-
mentary oxygen on the ‘summit.’ In fact, the equiva-
lent altitude was even higher because the Standard
Atmosphere pressure was inadvertently used (sec-
tion 12.3.2).

Additional information on whether there was
enough oxygen in the air to allow a climber to
reach the Everest summit while breathing air was
obtained by Pugh and his colleagues during the
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1960–61 Silver Hut Expedition (Pugh et al. 1964).
Measurements of maximal oxygen consumption
were made using a bicycle ergometer on a group of
physiologists who wintered at an altitude of 5800 m
and who were therefore extremely well acclimatized
to this altitude. Figure 12.1 (lower curve) shows the
results of measurements made up to an altitude of
7440 m. Note that extrapolation of the line to a
barometric pressure of 250 mmHg on the Everest
summit suggested that almost all the oxygen avail-
able would be required for the basal oxygen uptake.
(For details of the extrapolation procedure, refer to
West and Wagner 1980.) Thus these results strongly
suggested that a climber who could reach the Everest
summit without supplementary oxygen would be
very near the limit of human tolerance.

This ultimate climbing achievement occurred
when Reinhold Messner and Peter Habeler reached
the summit of Everest without supplementary oxy-
gen in May 1978. Messner’s account (Messner 1979)
makes it clear that he had very little in reserve:

After every few steps, we huddle over our ice
axes, mouths agape, struggling for sufficient

breath. . . . As we get higher it becomes nec-
essary to lie down to recover our breath. . . .
Breathing becomes such a strenuous busi-
ness that we scarcely have strength to go on.

And when he eventually reaches the summit:

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 the summits.

The long period of 25 years between the first
ascent of Everest in 1953 and this first ‘oxygenless’
ascent also suggests that we are near the limit of
human tolerance. Again, as indicated earlier, Norton
ascended to within 300 m of the Everest summit as
early as 1924, but it was not until 1978 that climbers
reached the top without supplementary oxygen.
Thus the last 300 m took 54 years!

Since that historic climb, Messner has further
confirmed his outstanding tolerance to the extreme
hypoxia of great altitudes. In 1980, he became the
first man to ascend Everest alone without supple-
mentary oxygen (Messner 1981), and in 1986 he
became the first man to climb all 14 of the 8000 m
peaks without supplementary oxygen. These accom-
plishments assure him a place not only in the his-
tory of mountaineering but also in the history of the
physiology of extreme altitude.

12.3 PHYSIOLOGY OF EXTREME 
ALTITUDE

12.3.1 Introduction

This section is devoted to human performance at
altitudes over 8000 m. There was renewed interest in
this topic when Messner and Habeler climbed
Everest without supplementary oxygen in 1978 but,
as indicated above, the issue of whether humans
would be able to tolerate the highest altitude on
Earth was raised early in this century, notably by
Kellas in 1919.

The following analysis is based primarily on data
from four studies. The first was the 1960–61 Silver
Hut Expedition during which data were obtained on
maximal oxygen consumptions as high as 7440 m
(PB 300 mmHg) and alveolar gas samples were taken
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Figure 12.1 Maximal oxygen uptake against inspired
PO2. The lower line shows data from Pugh et al. (1964)
suggesting that all the oxygen available at the Everest
summit would be required for basal oxygen uptake.
However, as the upper line shows, the 1981 AMREE
measured an oxygen uptake of just over 1 L min�1 for 
an inspired PO2 of 43 mmHg. (From West et al. 1983c.)



as high as 7830 m (PB 288 mmHg). These measure-
ments were extended to the Everest summit by 
the 1981 American Medical Research Expedition 
to Everest (AMREE), where measurements on the
summit included barometric pressure, alveolar gas
samples and electrocardiograms, with additional
measurements made between the summit and the
highest camp situated at 8050 m (PB 284 mmHg).
The third and fourth studies were Operation Everest
II and III (COMEX ’97) in 1985 and 1997 when sev-
eral volunteers were gradually decompressed over a
period of 31–40 days in low pressure chambers.
Although the degree of acclimatization was not as
great as in field studies, much valuable data was
obtained.

12.3.2 Barometric pressure

Barometric pressure is a critical variable in physio-
logical performance at extreme altitude because it
determines the inspired PO2. This is the first link in
the chain of the oxygen cascade from the atmos-
phere to the mitochondria. As pointed out in
Chapter 2, there has been considerable confusion in
the past about the relationships between baromet-
ric pressure and altitude on high mountains such as
the Himalayan chain. The resulting errors are par-
ticularly important at extreme altitude because it
can be shown that maximal oxygen consumption is
exquisitely sensitive to barometric pressure. It is
remarkable that Paul Bert gave essentially the cor-
rect value of barometric pressure for the Everest
summit in Appendix I of his classic book La Pression
Barométrique (Bert 1878). His figure of 248 mmHg
was based on an extrapolation of measurements
made by Jourdanet and others at various locations
including the Andes (Jourdanet 1875).

However, when the Standard Atmosphere was
introduced and used extensively by aviation physi-
ologists in the 1930s and 1940s, it was erroneously
applied to Mount Everest, giving a value of
236 mmHg, which is much too low. Nevertheless,
this figure was used by several high altitude physi-
ologists. For example, during Operation Everest I
when four naval recruits were gradually decom-
pressed to what was thought to be the simulated
altitude of Mount Everest, they were exposed to a
pressure of 236 mmHg and their alveolar PO2 fell to
as low as 21 mmHg (Riley and Houston 1951)! As

the next section shows, this is about 14 mmHg less
than that of a well-acclimatized climber on the
summit of Mount Everest.

As described in Chapter 2, Dr Christopher Pizzo
measured a barometric pressure of 253 mmHg on
the Everest summit on 24 October 1981. This was
about 2 mmHg higher than that expected from the
mean barometric pressure for that month based on
extensive weather balloon data (Fig. 2.4). The dis-
crepancy can be accounted for by normal variation
and the high pressure system which made the
weather ideal for climbing. The reading of
253 mmHg was within 1 mmHg of the pressure pre-
dicted for an altitude of 8848 m from radiosonde
balloons released in New Delhi, India, on the same
day (West et al. 1983a). Several direct measurement
on the summit since 1981 have given similar values
(see section 2.2.6).

Measurements of V�O2,max on AMREE (West 
et al. 1983c) and Operation Everest II (Sutton et al.
1988) as well as the analysis described in section
12.4 show that exercise performance at these
extreme altitudes is exquisitely sensitive to baro-
metric pressure. For example on AMREE, a
decrease in inspired PO2 of only 1 mmHg resulted in
a fall of V�O2,max by about 63 mL min�1 (West 1999a).
This is partly because the lung is working very low
on the oxygen dissociation curve where the slope is
steep. As a consequence, a fall of barometric pres-
sure of as little as 3 mmHg (less than twice the
daily standard deviation) will apparently cause a
reduction of maximal oxygen uptake of about 4%.
This means that even the daily variations of baro-
metric pressure caused by weather may affect phys-
ical performance.

Seasonal variations of barometric pressure can
be expected to have a marked effect on maximal
oxygen uptake. As Fig. 2.2 shows, mean barometric
pressure falls from nearly 255 mmHg in the sum-
mer months to only 243 mmHg in mid-winter. This
decrease is predicted to reduce maximal oxygen
uptake by some 15%. It is noteworthy that Mount
Everest has only once been climbed during winter
without supplementary oxygen (in December 1987),
despite several attempts, and although the very cold
temperatures and high winds are naturally a factor,
the reduced barometric pressure must certainly con-
tribute (section 2.2.8).

As pointed out in Chapter 2, the location of
Mount Everest at 28°N latitude is fortunate
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because the barometric pressure at its summit is
considerably higher than would be the case if it 
were at a higher latitude. As an example, if Mount
McKinley were 8848 m high, its barometric pressure
for May and October (preferred climbing months
for Everest) would be only 223 mmHg. It would
apparently be impossible to reach the summit with-
out supplementary oxygen under these conditions.

A similar argument would apply if the baro-
metric pressure on the Everest summit were only
236 mmHg, as predicted from the Standard Atmos-
phere model. The reduction of pressure by 17 mmHg
below that measured by Pizzo would reduce the
maximal oxygen consumption by over 20%, accord-
ing to the analysis presented in the present chapter.
It seems very probable that climbing Everest with-
out supplementary oxygen under these conditions
would be impossible. Thus the higher pressure that
Everest enjoys because of its near equatorial latitude
makes it just possible for humans to reach the high-
est point on Earth.

12.3.3 Alveolar gas composition

On ascent to high altitude, the alveolar PO2 falls
because of the reduction in the inspired PO2. At the
same time, alveolar PCO2 falls because of increasing
hyperventilation. As described in Chapter 5, Rahn
and Otis (1949) clarified the differences between
unacclimatized and fully acclimatized subjects at
high altitude by plotting their alveolar gas PO2 and
PCO2 values on an oxygen–carbon dioxide diagram
(Fig. 5.6). There are apparently differences between
the results obtained in the field, that is on expedi-
tions to high altitude, on the one hand, and simu-
lated ascents in a low pressure chamber on the
other. The field studies will be discussed first fol-
lowed by those using simulated ascents.

Figure 12.2 shows alveolar PCO2 plotted against
barometric pressure at extreme altitude from field
studies. The closed circles show data reported by
Greene (1934), Warren (1939), Pugh (1957) and Gill
et al. (1962). The triangles show data obtained on
the AMREE (West et al. 1983b). It can be seen that
alveolar PCO2 declines approximately linearly as
barometric pressure falls and that the pressure on
the summit of Mount Everest is about 7–8 mmHg.
The measurements made on the summit itself had
high respiratory exchange ratio (R) values, for 

reasons which are not clear. However, the data
obtained at the slightly lower altitude of 8400 m (PB

267 mmHg) had a mean R value of 0.82 with a PCO2

of 8.0 mmHg, which means we can be confident of
the very low values at this great altitude.

Figure 12.3 shows the line drawn by Rahn and
Otis (1949) for fully acclimatized subjects (lower
line on Fig. 5.4) together with additional data
obtained at barometric pressures below 350 mmHg
(Table 12.1). Note that the AMREE data (triangles)
fit well with the extrapolation of the line. This
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Figure 12.2 Alveolar PCO2 against barometric pressure
at extreme altitudes. Triangles show the means of
measurements on the AMREE. Circles are results from
previous investigators at barometric pressures below
350 mmHg (Table 12.1). (From West et al. 1983b.)

Figure 12.3 Oxygen–carbon dioxide diagram showing
alveolar gas values collated by Rahn and Otis (1949)
(circles) together with values obtained at extreme altitudes
by the AMREE (triangles). (From West et al. 1983b.)



method of plotting the data shows that as well-
acclimatized humans go to higher and higher alti-
tudes, the PO2 falls because of the decreasing inspired
PO2, and the PCO2 falls because of the increasing
hyperventilation. However, above an altitude of
about 7000 m (PB 325 mmHg) the alveolar PO2

becomes essentially constant at a value of about
35 mmHg. More recent measurements of alveolar
PO2 up to an altitude of 8000 m by Peacock and
Jones (1997) are in good agreement with these data.
This means that successful climbers are able to
defend their alveolar PO2 by the process of extreme
hyperventilation. In other words, they insulate the
PO2 of their alveolar gas from the falling value in 
the atmosphere around them. This appears to be
the most important feature of acclimatization at
extreme altitude.

Not everyone can generate the enormous increase
in ventilation required for the very low PCO2 values
shown in Figs 12.2 and 12.3. This explains why
climbers with a large hypoxic ventilatory response
usually tolerate extreme altitude better than those
with a more modest response (Schoene et al. 1984).
Indeed, experience on the AMREE showed that indi-
viduals who had a low hypoxic ventilatory response
were not able to remain at the higher camps (West
1985a).

The pattern of alveolar gas values shown in 
Fig. 12.3 is only obtained if sufficient time is allowed

for full respiratory acclimatization. Figure 12.4 com-
pares the results found in unacclimatized and fully
acclimatized subjects at high altitude (Figs 5.4 and
12.3) with alveolar gas data reported from two low
pressure chamber experiments in which the simu-
lated rate of ascent was much faster. It can be seen
that in Operation Everest I (Riley and Houston
1951) the subjects reached the simulated summit
after only 31 days and at the extreme altitudes the
data fell close to the region predicted by the line for
unacclimatized humans. In Operation Everest II
(Malconian et al. 1993) the ascent was a little slower,
with the first simulated summit excursion occurring
after 36 days. However, the alveolar gas values at
extreme altitudes still deviated considerably from
those found in fully acclimatized subjects. Little
information is available about the time required for
full respiratory acclimatization at extreme altitudes,
say over 8000 m, but Fig. 12.4 suggests that 36 days is
inadequate whereas 77 days is apparently sufficient.
However, it may be that other factors such as the
level of physical activity are also important.

12.3.4 Acid–base status

BASE EXCESS

Relatively little is known about acid–base changes at
extreme altitude, despite the importance of this topic.
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Table 12.1 Alveolar PO2 and PCO2 in acclimatized subjects at barometric pressures below 350 mmHg

Source Barometric PO2 PCO2 Respiratory 
pressure exchange ratio (R)

Greene (1934) 337 40.7 17.7 0.87
305 43.0 9.2 0.79

Warren (1939) 337a 37.0 15.6 0.60
Pugh (1957) 347 39.3 21.0 0.87

337 35.5 21.3 0.87
308 34.1 16.9 0.77

Gill et al. (1962) 344 38.1 20.7 0.82
300 33.7 15.8 0.78
288 32.8 14.3 0.77

West et al. (1983b) 284 36.1 11.0 0.78
267 36.7 8.0 0.82
253 37.6 7.5 1.49

All pressure values are given in mmHg.
aBarometric pressure estimated from curve of Zuntz et al. (1906).



Some data are available from two well-acclimatized
subjects of the AMREE, based on blood samples
removed during the morning after they had reached
the summit.Venous blood samples taken at the high-
est camp (8050 m; PB 267 mmHg) showed a mean
base excess of �7.2 mmol L�1. This was a consid-
erably higher base excess than expected (in other
words the base deficit was less than predicted) and
the result was an extremely high arterial pH of over
7.7 calculated for the Everest summit (West et al.
1983b). This calculation is based on the measured
alveolar PCO2 and base excess. It assumes that there
was no change in base excess in the previous 24 h and
that a climber resting on the summit had a negligible
blood lactate concentration (see below). In addition,
the measured alveolar PCO2 of 7.5 mmHg is assumed
to apply to the arterial blood.

A remarkable feature of these base excess values is
that they were essentially unchanged from those
measured in 14 subjects living for several weeks at

Camp 2 (6300 m, PB 351 mmHg) where the mean
value was �8.7 � 1.7 mmol L�1 (Winslow et al.
1984). This suggests that base excess was changing
extremely slowly above an altitude of 6300 m. The
reason for this is not known but may be related to the
chronic volume depletion which was observed in
climbers living at 6300 m. At this altitude the serum
osmolality was 302 � 4 mmol kg�1, which was sig-
nificantly higher (p �0.01) than in the same sub-
jects at sea level, where the value was 290 � 1 mmol
kg�1 (Blume et al. 1984). It is known that the kidney
gives a higher priority to correcting dehydration
than acid–base disturbances, and in order to excrete
more bicarbonate to reduce the base excess, it would
be necessary to lose corresponding cations, which
would aggravate the volume depletion. This may be
the basis for the slow renal bicarbonate excretion.

These acid–base changes may be part of the
explanation of why climbers can spend only a rela-
tively short time at extreme altitudes, say above
8000 m. It was pointed out in Chapter 6 that the
marked respiratory alkalosis which increases the
oxygen affinity of the hemoglobin at extreme alti-
tude is beneficial because it accelerates the loading
of oxygen by the pulmonary capillaries. If a climber
remains at extreme altitude for several days, pre-
sumably there is some renal excretion of bicarbonate
(though this appears to be slow) and the resulting
metabolic compensation would move the pH back
towards 7.4. Thus the advantage of a left-shifted dis-
sociation curve would tend to be lost.

One way to counter this disadvantage during a
climb of Mount Everest would be to put in the high
camps and then return to Base Camp at a lower
altitude for several days. This period at medium
altitude would then allow the body to adjust again
to this more moderate oxygen deprivation and
enable the blood pH to stabilize nearer its normal
value. The final summit assault would then be as
rapid as possible to take advantage of the nearly
uncompensated respiratory alkalosis. In fact this
was the pattern adopted by Messner and Habeler
in their first ascent of Mount Everest without sup-
plementary oxygen in 1978.

THE LACTATE PARADOX

Blood lactate is known to be very low in acclima-
tized subjects at high altitude even during maximal
work, an observation made by Edwards (1936)
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Figure 12.4 Oxygen–carbon dioxide diagram showing
the two lines described by Rahn and Otis (1949) for
unacclimatized and acclimatized subjects at high
altitude (compare Figure 5.4). In addition, data from
Operation Everest I (OE I) and Operation Everest II (OE II)
are included. Note that the OE I subjects were poorly
acclimatized at extreme altitudes whereas the OE II 
had intermediate values. (From West 1998a.)



during the International High Altitude Expedition
to Chile in 1935. Figure 12.5 shows data on resting
and maximal blood lactate obtained by Cerretelli
(1980). Also shown are measurements made at
6300 m after maximal exercise at the rate of 900 kg
min�1, that is, an oxygen uptake of 1.75 L min�1

(West 1986c). The mean value after exercise at
6300 m was only 3.0 mmol L�1 despite an arterial
PO2 of less than 35 mmHg and therefore extreme
tissue hypoxia. Note that extrapolation of the line
relating maximal blood lactate concentration to
altitude suggests that after maximal exercise at alti-
tudes exceeding 7500 m, there will be no increase
in lactate in the blood at all despite the extreme
oxygen deprivation. This is indeed a paradox.

The blood lactate concentrations after maxi-
mal exercise were appreciably higher on Opera-
tion Everest II (Sutton et al. 1988). For example,
at an inspired PO2 of 63 mmHg, the mean lactate 
concentration following maximal exercise was
4.7 mmol L�1, that is about 56% higher than on the
AMREE for the same inspired PO2. Moreover, the
‘summit’ measurements on Operation Everest II
gave a blood lactate concentration of 3.4 mmol L�1,
a higher value than that found at only 6300 m on

the AMREE (Fig. 12.5). It is known that the low
lactate concentrations following maximal exercise at
high altitude come about as a result of high altitude
acclimatization because acute hypoxia causes very
high lactate levels. Presumably therefore the higher
values seen on Operation Everest II compared with
the AMREE and other field studies can be explained
by the limited degree of acclimatization.

The reasons for the low blood lactate levels fol-
lowing maximal exercise in well-acclimatized sub-
jects as opposed to poorly acclimatized subjects at
high altitude are still unclear. One hypothesis is that
on acute exposure to hypoxia, sympathetic stimula-
tion leads to augmented muscle lactate production
and blood lactate concentration through a beta-
adrenergic mechanism. By contrast, chronic hypoxia
causes beta-adrenergic adaptation and the result is a
reduced lactate response after acclimatization. How-
ever, studies on unacclimatized and acclimatized
subjects at 4300 m altitude have not supported this
hypothesis (Brooks et al. 1998). Another hypothesis
is that the bicarbonate depletion that occurs as a
result of acclimatization interferes with the buffering
of released lactate and hydrogen ions, and the conse-
quent fall in local pH inhibits the enzyme phospho-
fructokinase in the glycolytic cycle and thus puts a
brake on glycolysis (Fig. 10.7). It is known that the
activity of phosphofructokinase is reduced as the pH
is lowered. Certainly, Cerretelli has shown that the
changes in blood hydrogen ion concentration as a
result of increases in blood lactate are higher in accli-
matized than unacclimatized subjects (Cerretelli
1980). However, many other factors affect blood lac-
tate and the issue is far from settled.

12.3.5 Cardiac output

Intuitively, it would be reasonable to expect an
increased cardiac output for a given work level at
extreme altitude compared with sea level. It is known
that cardiac output increases as a result of acute
hypoxia (Chapter 7). Furthermore, the oxygen con-
centration of the arterial blood is extremely low at
very high altitude, and an increase in cardiac out-
put would be expected to help to compensate for
the reduced oxygen delivery. Paradoxically how-
ever, the relationship between cardiac output and
oxygen uptake in acclimatized subjects at an alti-
tude of 5800 m is essentially the same as at sea level
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Figure 12.5 Maximal blood lactate (Lab) as a function
of altitude. Most of the data are redrawn from Cerretelli
(1980). The filled circles and triangles show data for
acclimatized Caucasians (C); the open circles and
triangles are for high altitude natives (N). The data for
6300 m are from the AMREE for acclimatized lowlanders.
(From West 1986.) The points marked Sutton et al. are
from Operation Everest II (Sutton et al. 1988).



(Fig. 7.2) and this apparently holds true even at
extreme altitudes, although data are sparse. Reeves
et al. (1987) showed that the sea level relationship
was maintained down to a barometric pressure of
282 mmHg, and almost maintained at an inspired
PO2 equivalent to the summit of Mount Everest,
though at that extreme altitude the cardiac output
appeared to be slightly higher (Fig. 7.3). Possibly this
apparent paradox is related to the fact that when the
cardiac output is increased under these very hypoxic
conditions, there is increasing diffusion limitation
of oxygen transfer, both in the lung and in the mus-
cle. In a theoretical study, Wagner (1996) showed
that increasing cardiac output for the conditions on
the Everest summit did not improve calculated
V
.

O2,max because of diffusion limitation (Fig. 7.5).

12.3.6 Pulmonary diffusing capacity

As discussed in Chapter 6, oxygen transfer during
exercise at high altitude is, in part, diffusion limited,
and all calculations suggest that this limitation will
be exaggerated at the extreme altitudes near the
summit of Mount Everest. However, very few data
on diffusing capacity at high altitude are available.
Available measurements at an altitude of 5800 m
(PB 380 mmHg) indicate that the diffusing capacity
for carbon monoxide during exercise is essentially
unchanged from the sea level value except for the
expected increase caused by the faster rate of combi-
nation of carbon monoxide with hemoglobin under
the prevailing hypoxic conditions (West 1962a).
These data suggest that the diffusing capacity of
the pulmonary membrane itself is unaltered by
acclimatization.

Measurements of the diffusing capacity for 
carbon monoxide at different alveolar PO2 values
allow calculation of the pulmonary capillary blood
volume. Again, in measurements made at 5800 m,
there appeared to be little change in capillary blood
volume, although there was a suggestion that it 
was slightly lower, possibly as a result of hypoxic
pulmonary vasoconstriction (West 1962a). If we
accept the conclusion that capillary blood volume
is unchanged, and that the cardiac output/oxygen
consumption relationship is the same as at sea level
(section 12.3.5), this implies that capillary transit
time in the lung is normal since this is given by 

capillary blood volume divided by cardiac output
(Roughton 1945).

Using these data it is possible to calculate the
changes in PO2 along the pulmonary capillary for a
climber at rest on the summit of Mount Everest
(Fig. 6.5). This shows that the rate of oxygenation is
extremely slow and that the end-capillary PO2 is
much lower than the alveolar value, indicating severe
diffusion limitation of oxygen transfer. This topic is
discussed further in section 6.7.

12.3.7 PO2 of venous blood

During maximal exercise at extreme altitude, the
extraction of oxygen by the peripheral tissues results
in very low values of venous PO2 in the exercising
muscles. This in turn reduces the PO2 of mixed
venous blood. In order to analyze the relationships
between the many variables and determine what
limits exercise performance at extreme altitude, one
possible assumption is that the body will not toler-
ate a PO2 of mixed venous blood below a certain
value, for example 15 mmHg (West and Wagner
1980, West 1983). This assumption received strong
support from Operation Everest II, where direct
measurements of the PO2 in mixed venous blood
gave similar values (Sutton et al. 1988). For example,
on the ‘summit’ during 60 W of exercise, the PO2

of mixed venous blood had a mean value of
14.8 mmHg, and at 120 W, which was the highest
work level, the mean PO2 was 13.8 mmHg.

12.3.8 Heat loss by hyperventilation

Matthews (1932) argued that tolerance to extreme
altitude might be limited by the high rate of heat
loss from the lungs as a result of the extreme hyper-
ventilation. However, subsequent experience has
not borne this out. Calculations of net heat loss are
complex because the upper respiratory tract acts as
a heat exchanger. During expiration, expired gas
warms the respiratory tract, and this heat is then
available to warm the cold inspired gas. Climbers
who have reached the summit of Mount Everest
without supplementary oxygen have not been
affected by cold beyond the extent expected from
the very low temperatures of the environment.
When Pizzo reached the summit to take his alveolar
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gas samples during the course of the AMREE, he
became overheated during the climb and photo-
graphs taken on the summit when he was breathing
air show that he was not even wearing his down
jacket, which he carried with him in his backpack
(West 1985a, facing p. 51).

12.3.9 Oxygen cost of ventilation

A climber at extreme altitude has considerable
hyperventilation at rest, and even more during mod-
erate exercise. An alveolar PCO2 of 7–8 mmHg was
measured on the Everest summit and, since it is
known that the carbon dioxide production both at
rest and for a given work level is independent of alti-
tude, we can conclude that the alveolar ventilation on
the summit was at least five times the resting value.
Even small amounts of physical activity will greatly
increase this. If we take the normal resting ventilation
to be 7–8 L min�1, this means that the resting ventila-
tion on the summit is at least 40 L min�1.

Cibella et al. (1999) studied the oxygen cost of
ventilation in four normal subjects during exercise
at sea level and after a 1-month sojourn at 5050 m.
From simultaneous measurements of esophageal
pressure and lung volume, the mechanical power
(work rate) of breathing was determined. As
expected, maximal exercise ventilation and maximal
power of breathing were higher at high altitude than
at sea level, whereas maximal oxygen uptake was
reduced in all subjects at high altitude. Interestingly,
in three subjects the relationship between mechani-
cal power of breathing and minute ventilation was
the same at sea level and high altitude, whereas in
only one individual was it lower at high altitude for
a given ventilation. It might have been expected that
the mechanical power of breathing would be reduced
at high altitude in all subjects because of the reduced
density of the air.

Assuming a mechanical efficiency of 5%, the
oxygen cost of breathing at high altitude and sea
level amounted to 26 and 5.5% of V

.
O2,max, respec-

tively. The authors concluded that, at high altitude,
the mechanical power of breathing may substan-
tially limit the ability to do external work. They also
calculated what they called the ‘critical ventilation,’
that is the ventilation at which the mechanical power
of breathing was so high that increasing ventilation
above this level did not provide additional oxygen

for external work. At the altitude of 5050 m the
maximal exercise ventilation exceeded the critical
ventilation even when the efficiency was assumed to
be as high as 20% (Fig. 12.6).

12.3.10 Studies using low pressure
chambers

A question that is frequently asked is why perform
field studies, for example on Mount Everest, when
the low pressure conditions can be simulated in a
high altitude chamber. Three extensive studies
have been carried out in this way and they have
certainly produced important information on how
humans respond to low pressure. However, for
some unclear reason the results from low pressure
chambers are different from field studies.

OPERATION EVEREST I

This was carried out in 1944 under the leadership of
Charles Houston and Richard Riley at the U.S. Naval
School of Aviation Medicine in Pensacola, Florida
(Riley and Houston 1951). Four volunteers were
placed in a small chamber for a period of 35 days and
the pressure was gradually reduced to that believed
to occur on the summit of Mount Everest. However,
as indicated earlier, the Standard Atmosphere was
used and the chamber pressure was reduced to as low
as 234 mmHg which actually corresponds to an alti-
tude of about 9400 m, some 550 m above the Everest
summit. The small chamber measured only about
3.0 � 3.0 � 2.1 m and contained four bunks. After
29 days the pressure was reduced to that at the ‘sum-
mit’ and two of the subjects were able to tolerate the
severe hypoxia at rest during air breathing, while the
other two needed oxygen. During these studies alve-
olar PO2 values in the low 20s were measured (Riley
and Houston 1951, Table 2). These were presumably
the lowest values of alveolar PO2 ever recorded for
periods of several minutes. As indicated earlier 
(Fig. 12.4) the subjects of Operation Everest I
showed almost no acclimatization at the extreme
altitudes as judged from their alveolar gas values.

OPERATION EVEREST II

This took place in 1985 and again was spearheaded
by Charles Houston (Houston et al. 1987). A
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sophisticated low pressure chamber at the U.S. Army
Research Institute of Environmental Medicine in
Natick, Massachusetts was used, and eight subjects
aged 21 to 29 years spent 40 days and nights in the
chamber. The subjects were gradually decompressed
over a period of about 35 days followed by excursions
to the ‘summit’ where the inspired PO2 was 43 mmHg
which this time was the correct value. Not all the sub-
jects made it to the ‘summit’ but nevertheless very
valuable physiological information was obtained. An
advantage of a chamber study over a field study is
that much more invasive procedures can be carried
out because if a subject gets into difficulties he can
rapidly be removed to a medical facility.

Some of the most important studies were on the
pulmonary circulation, and these were referred to
in Chapter 7. Cardiac catheterization was carried
out using a Swan–Ganz catheter at barometric
pressures of 760, 347, 282 and 240 mmHg. For 
the last measurement the oxygen concentration 
in the chamber was 22% giving an inspired PO2 of
43 mmHg. The mean pulmonary arterial pressure
at rest at sea level was 15 � 0.9 mmHg but this
increased to 34 � 3 mmHg at a barometric pres-
sure of 282 mmHg (Groves et al. 1987). At the same
time the pulmonary vascular resistance increased
from 1.2 to 4.3 mmHg L�1 min�1. When the sub-
jects performed maximal exercise, the increases in
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Figure 12.6 Increase in oxygen consumption divided by the increase in ventilation for four subjects at an altitude of
5050 m. The solid line shows the relationship for total oxygen consumption; the dashed lines show the relationship for
the oxygen consumption of the respiratory muscles, assuming mechanical efficiencies of 5, 10 and 20%. Arrows show
the maximal exercise ventilation. The intersection of the solid and dashed lines shows the critical ventilation above
which no increase in external work was possible because the oxygen consumption of the respiratory muscles was so
high. In three of the subjects, the maximum ventilation exceeded the critical ventilation for all assumed mechanical
efficiencies, though in one of the subjects this was only the case for an efficiency of 5%. (From Cibella et al. 1999.)



mean pulmonary artery pressure were even more
remarkable, rising from 33 � 1 mmHg at sea level
to 54 � 2 mmHg at a barometric pressure of
282 mmHg (Fig. 7.10). However, the pulmonary
arterial wedge pressure was unchanged with the
increase in simulated altitude.

Cardiac output was measured and shown to have
the same relationship with oxygen consumption as
at sea level (Fig. 7.3), confirming earlier measure-
ments made on the Silver Hut Expedition (Pugh
1964). However, heart rate as a function of work level
was higher as altitude increased. A particularly inter-
esting finding was that when the subjects breathed
100% oxygen at the high altitudes, pulmonary vas-
cular resistance did not return to the sea level values.
This indicated a substantial degree of irreversibility
in pulmonary vascular resistance after 2 or 3 weeks
of hypoxia indicating vascular remodeling.

Additional information was found in the area of
pulmonary gas exchange where it was possible to
use the multiple inert gas elimination technique to
separate the effects of ventilation–perfusion inequal-
ity from those of diffusion limitation. These studies
were referred to in Chapter 6. Diffusion limitation
of oxygen transfer across the blood-gas barrier
occurred at oxygen uptakes greater than 3 L min�1

at sea level, and at less than 1 L min�1 on the ‘sum-
mit.’ This is a graphic demonstration of diffusion
limitation at extreme altitude. A new finding was 
the increasing ventilation–perfusion inequality from
rest to exercise at all altitudes. There was indirect

evidence that this may have been caused by intersti-
tial pulmonary edema. Table 12.2 summarizes the
arterial blood gases during rest and maximal exer-
cise on Operation Everest II.

Another invasive study that would be extremely
difficult to perform in the field was the analysis of
skeletal muscle taken by needle biopsies. Skeletal
muscle volume was also inferred from computer
tomography scans of the arms and legs. Muscle
area decreased by about 14% during the ‘ascent.’
The biopsies showed that this could be accounted
for by a significant decrease in the cross-sectional
area of both type I and type II fibers. As a result
there was an increase in capillary volume density
although this was not significant. Muscle enzymes
were also measured and showed that at the highest
altitude of 282 mmHg where biopsies were taken,
there were significant reductions in succinic dehy-
drogenase, citrate synthetase, and hexokinase com-
pared with measurements made after returning to
sea level. Finally the biopsies showed significant
reductions in muscle lactate concentrations at the
higher altitudes consistent with the low blood lac-
tate concentrations referred to in section 12.3.4.

OPERATION EVEREST III

This low pressure chamber experiment in 1997 was
carried out at the COMEX facility in Toulouse,
France, and had a number of similarities with
Operation Everest II (Richalet et al. 1999). However,
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Table 12.2 Barometric pressures, equivalent altitudes, and arterial blood gases during rest and maximal exercise on
Operation Everest II (from Houston et al. 1987, and Sutton et al. 1988)

Barometric Inspired Altitude on Rest Maximum exercise
pressure PO2 Mount
(mmHg) (mmHg) Everest (m) PO2 PCO2 pH PO2 PCO2 pH

(mmHg) (mmHg) (mmHg) (mmHg)

760 149 0 99 34 7.43 87 35 7.30
429 80 4825 52 25 7.46 42 20 7.42
347 63 6482 41 20 7.50 34 17 7.44
282 49 8043 37 13 7.53 33 11 7.49
253* 43 8848 30 11 7.56 28 10 7.52

* Actual chamber pressure was 240 mmHg but because of oxygen contamination of the chamber air, the oxygen concentration 
was 22%. Therefore the inspired PO2 was 43 mmHg corresponding to a barometric pressure of 253 mmHg for 21% oxygen.
From West (1996a).



an innovative feature was that the eight volunteers
pre-acclimatized in the Vallot Observatory (4350 m)
for several days before spending a total of 31 days in
the low pressure chamber, ultimately reaching the
‘summit’ barometric pressure of 253 mmHg. The
arterial blood-gas values were similar to those found
on Operation Everest II (Table 12.2) with a ‘summit’
arterial PO2 of 31 mmHg, PCO2 of 12 mmHg and pH
of 7.58. The fact that the PCO2 was higher than on
AMREE in both of the chamber studies is consistent
with a lesser degree of acclimatizing (compare Fig.
12.4). Body weight fell by an average of 5.4 kg, again in
line with Operation Everest II and AMREE. Cardio-
vascular measurements largely confirmed those
made on Operation Everest II (Boussuges et al.
2000). An interesting new finding was transient
neurological disorders which were attributed to 
gas emboli, and there were also marked changes 
in mood of some of the subjects (Nicholas et al.
2000).

12.4 WHAT LIMITS EXERCISE
PERFORMANCE AT EXTREME ALTITUDE?

12.4.1 Concept of limitation

The oxygen cascade from the atmosphere to the
mitochondria includes the processes of convective
ventilation of oxygen to the alveoli, diffusion of
oxygen across the blood-gas barrier, uptake of oxygen
by the hemoglobin in the pulmonary capillaries, con-
vective flow of the blood to the peripheral capillaries,
unloading of the oxygen from the hemoglobin, dif-
fusion to the mitochondria and utilization of oxy-
gen by the electron transport system. How can we
determine to what extent each of these factors is
limiting exercise at extreme altitude?

One approach is to use the analogy of a turbine
that is fed by water flowing through a pipe which
has a series of constrictions in it. Clearly, all sections
of the pipe limit the flow of water to some extent.
However, a useful description of the extent to which
flow is limited by any particular section of the pipe
can be found by calculating the percentage change
in total flow for a given (say 5%) change in diameter
at that point. In carrying out this calculation, we
assume that all other factors remain unchanged.
Such an analysis can only be carried out if the whole
system is modeled using a computer.

12.4.2 Limitations to oxygen uptake on
the summit of Mount Everest

The model analysis described above has been carried
out for a hypothetical subject exercising on the sum-
mit of Mount Everest (West 1983). Some assump-
tions and extrapolations are necessary because so
few data have yet been obtained at these great 
altitudes. In general, the physiological variables were
those set out in section 12.3 and Table 12.3 sum-
marizes these. The whole oxygen transport system
was modeled using numerical procedures previ-
ously described (West and Wagner 1977, 1980). The
details of a model analysis like this are not impor-
tant because of uncertainties in the assumptions.
However, some interesting predictions emerge 
(Fig. 12.7).

The most important variable affecting the max-
imal oxygen consumption (V

.
O2,max) is the baro-

metric pressure. In this analysis a 5% increase in
pressure increased the V

.
O2,max by over 20% when

all other variables were held constant. Other
important variables were the alveolar ventilation
and the membrane diffusing capacity of the lung.
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Table 12.3 Key variables for the analysis of factors
limiting oxygen uptake on the summit of Mount Everest

Measured

Barometric pressure 253 mmHg
Alveolar PCO2 7.5 mmHg
Hemoglobin concentration 18.4 g dL�1

P50 at pH 7.4 29.6 mmHg
Base excess �7.2 mmol L�1

Assumed

Respiratory exchange ratio 1.0
Cardiac output/oxygen Same as sea level

uptake
Maximal DMO2

a 100 mL min�1

mmHg�1

Capillary transit time 0.75 s
Minimum PO2 in mixed 15 mmHg

venous blood

a DMO2, diffusing capacity of the membrane for oxygen.



The first increased the V
.

O2,max by raising the alveo-
lar PO2 whereas the second improved the arterial
PO2 because of the marked diffusion limitation of
oxygen across the blood-gas barrier. An increase in
oxygen affinity for hemoglobin as a result of increas-
ing respiratory alkalosis also improved V

.
O2,max. In

this analysis an increase in cardiac output was also
beneficial but in another theoretical analysis which
took account of diffusion limitation of oxygen trans-
fer in the exercising muscles, this improvement was
not seen (Fig. 7.5).

The chief conclusions from the analysis are as
follows:

● A climber attempting an ascent of Mount
Everest without supplementary oxygen should
ideally choose a day with a relatively high
barometric pressure. Indeed, this appears to be

the most critical variable. Fortunately, climbers
generally try to make a summit assault when
the weather is fine and usually this means a
high pressure. Note, however, that this factor
makes a winter ascent of Mount Everest
without supplementary oxygen particularly
difficult.

● The climber should not have a low hypoxic
ventilatory response because a high ventilation
is critical in maintaining an adequate alveolar
PO2.

● It is advantageous to have a high oxygen
diffusing capacity at a moderate work level.

● The climber should have as high a base excess
as possible. Presumably one way to ensure this
is to avoid prolonged stays at extreme altitudes.

12.4.3 How high can humans climb
without supplementary oxygen?

We have seen that the V
.

O2,max in acclimatized sub-
jects with an inspired PO2 of 43 mmHg, equivalent
to that on the Everest summit, is only a little over
1 L min�1. This oxygen uptake is equivalent to
walking slowly on level ground. Clearly, humans at
the highest point on Earth are very close to the
limit of hypoxic tolerance.

Nevertheless, it is interesting to speculate on how
much higher humans could climb without supple-
mentary oxygen. The answer from the available data
is very little. For example, as indicated earlier, a
reduction of barometric pressure by 17 mmHg from
253 to 236 mmHg (the value for the Everest summit
given by the Standard Atmosphere), would reduce
the V�O2,max by about 21% (West 1999a). It seems
unlikely that the mountain could be climbed under
these conditions emphasizing again that it is only
the equatorial bulge in barometric pressure (Figs 2.3
and 2.5) which allows humans to reach the highest
mountain top without supplementary oxygen.
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Figure 12.7 Sensitivity of calculated maximal oxygen
consumption (V�O2,max) to changes in variables for a
climber on the summit of Mount Everest. The initial
conditions are those shown in Table 12.3, and each
variable was increased by 5% leaving all the others
constant. See text for details. (From West 1983.)
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SUMMARY

Sleep is very commonly impaired at high altitude.
Typically, people complain that they wake fre-
quently, have unpleasant dreams and do not feel
refreshed in the morning. Polysomnographic stud-
ies confirm the increased frequency of arousals.
Electrencephalograms show changes in the archi-
tecture of sleep, usually with a great reduction in
time spent in rapid eye movement (REM) sleep.
Periodic breathing is almost universal at high alti-
tude, and is accompanied by apneic periods which
may be as much as 10–15 s long. The mechanism of
the periodic breathing is probably related to the
strong hypoxic ventilatory drive. High altitude
natives who have a blunted ventilatory response to
hypoxia show less or no periodic breathing com-
pared with lowlanders at high altitude. The severe
arterial hypoxemia which follows the long apneic
periods may reduce the arterial PO2 to its lowest
levels of the 24-h period. Acetazolamide stimulates
ventilation at high altitude, reduces the time spent
in periodic breathing, and improves the arterial
oxygen saturation during sleep. Benzodiazepines
also reduce periodic breathing. Oxygen enrich-
ment of room air at high altitude results in fewer
apneas, less time spent in periodic breathing,
and an improved subjective assessment of sleep
quality.

13.1 INTRODUCTION

Everyone who has been to high altitude knows that
sleeping is often impaired. This ubiquitous problem
affects the skier or trekker who sleeps at altitudes 
of 2500–3000 m, as well as the well-acclimatized
climber who spends a night as high as 8000 m. The
altitude of many modern skiing resorts is over
2700 m and many people who move rapidly from
sea level to that altitude have difficulties with sleep
for the first two or three nights. Often they cannot
get to sleep for a long period, or they wake fre-
quently, and often they complain that they do not
feel refreshed in the morning. This last comment is
also frequently heard from climbers at great alti-
tudes on expeditions (Pugh and Ward 1956). Some
people trying to sleep at high altitude complain
that the mind races with a kaleidoscope of
thoughts tumbling through it; this is certainly the
case with the writer, who recognizes this as a very
characteristic feature of the first night or two at high
altitude.

Climbers at high altitude are often urged to
climb high during the day but sleep low during the
night. This advice acknowledges the increased inci-
dence of difficulties during sleep. Many climbers
over an altitude of about 7000 m find that a very
low flow of supplementary oxygen of perhaps 
1 L min�1 greatly improves the quality of sleep.



Periodic breathing during sleep at high altitude
has been recognized since the nineteenth century.
It is extremely common and may pose a hazard 
at extreme altitude because of the severe arterial
hypoxemia which follows the apneic periods (West
et al. 1986). Indeed, this may be one of the factors
that influences tolerance to very great altitudes.
From a scientific point of view, periodic breathing
during sleep at high altitude throws light on the
control of breathing under these special conditions.

The present chapter overlaps the material of
Chapter 5 on the control of ventilation, and also
has some links with Chapter 7 on cardiovascular
responses because of the alterations in heart rate
that occur with periodic breathing.

13.2 HISTORICAL

13.2.1 Quality of sleep

There have been a number of anecdotal references
to the poor quality of sleep at high altitude. A par-
ticularly colorful description was given by Barcroft
when he recounted his experiences during the glass
chamber experiment carried out at Cambridge,
UK (Barcroft et al. 1920). On that occasion he
spent 6 days in a closed chamber in which the con-
centration of oxygen was regulated so that the ini-
tial equivalent altitude was 10 000 ft (3048 m) and
the final altitude 16 000 ft (4877 m). He wrote:

In the glass case experiment I had the oppor-
tunity of judging a little more exactly of anox-
aemic sleeplessness than is usually the case. A
committee of undergraduate pupils of mine
made up their minds that I was never to be
left alone, two of them therefore sat up each
night outside the case lest help of any sort
should be required. I used to ask them in the
morning how I had slept, and each morning
except perhaps the last they said I had slept
well. My own view of the matter was quite
otherwise. I thought I had been awake half the
night and was unrefreshed in the morning. 
I was conscious of their moving about and
looking in through the glass to see whether 
or not I was awake. I used to count my pulse 
at intervals. The two opinions can only be

reconciled on the hypothesis that whilst I
spent most of the night in sleep, the slumber
was very light and fitful with incessant
dreams. Even some low degree of conscious-
ness which fell short of wakefulness. At Cerro
it was the same: measured in hours we slept
well, but the quality of the sleep in most
cases was of an inferior order. The night
seemed long and we woke unrefreshed.

(Barcroft 1925, p. 166)

It is interesting that more recent studies con-
firm Barcroft’s impression that although total sleep
time at altitude may be nearly normal, the increased
frequency of awakenings (‘fitful’ sleep) causes sleep
to be less refreshing than normal (Reite et al. 1975,
Zielinski et al. 2000).

13.2.2 Periodic breathing

Various references to the uneven pattern of breath-
ing during sleep at high altitude were made during
the nineteenth century. One was by the eminent
English physicist Tyndall who was one of the most
ardent Alpine mountaineers in the middle of the
century. Paul Bert commented that ‘every year sees
him planting his alpenstock on some new summit’
(Bert 1878). During Tyndall’s first ascent of Mont
Blanc in 1857, he became very fatigued.

I stretched myself upon a composite couch of
snow and granite, and immediately fell asleep.
My friend, however, soon aroused me. ‘You
quite frighten me’ he said, ‘I listened for some
minutes and have not heard you breathe once.’

On renewing the ascent, Tyndall complained of
palpitations.

At each pause my heart throbbed audibly, as
I leaned upon my staff, and the subsidence of
this action was always the signal for further
advance.

(Tyndall 1860)

Another early comment on periodic breathing
was made by Egli-Sinclair (1894) in an article on
mountain sickness. He noted that, at an altitude of
4400 m, respiration

178 Sleep



had the Stokes character, that is, it seemed
regular during a certain time, after which a
few rapid and profound breaths were drawn,
a total suspension of a few seconds then 
following.

Here he was referring to the Irish physician,
Dr William Stokes, who described the pattern of
breathing which

consists in the occurrence of a series of inspi-
rations, increasing to a maximum and then
declining in force and length until a state of
apparent apnoea is established.

(Stokes 1854)

Another Irish physician, John Cheyne, had
described the same pattern in 1818 (Cheyne 1818)
and so the breathing pattern is often known as
Cheyne–Stokes breathing. However, Ward (1973)
pointed out that John Hunter had given a lucid and
succinct description of the same condition in 1781
(Hunter 1781).

The first extensive studies of periodic breathing at
high altitude were made by Angelo Mosso, Professor
of Physiology at the University of Turin, Italy. As
mentioned earlier, he was one of the first people to
use the Capanna Regina Margherita on the Monte
Rosa at an altitude of 4559 m for scientific work. He
measured the breathing movements by means of a
lever which rested on the chest. An example of one
of his measurements on his brother, Ugolino Mosso,
is shown in Fig. 13.1a. The periods of apnea lasted
about 12 s. Note that, in this instance, the first breath
after the apneic period was the largest. A more 

typical pattern is that shown in Fig. 13.1b which 
was measured on Francioli, keeper of the Regina
Margherita hut. In this instance the waxing and wan-
ing of breathing movements are clearly seen and the
periods of apnea are shorter (Mosso 1898, pp. 42–7).

A curious feature of Mosso’s measurements was
that he concluded that ventilation was actually
decreased at high altitude, apparently because he
converted his readings to standard conditions (0°C
and 1000 mmHg in his case) rather than BTPS (body
temperature and pressure saturated). Interestingly,
Paul Bert also believed that hyperventilation did
not occur at high altitude (Bert 1878, p. 106 in the
1943 translation). He wrote

What is really certain is that . . . a dweller in
lofty altitudes, does not even try to struggle
against the decrease of oxygen in his arterial
blood by speeding up his respirations exces-
sively, as was first supposed. The observa-
tions of Dr. Jourdanet are conclusive.

Bert probably reached this conclusion because he
worked exclusively with low pressure chambers
that only allowed short-term observations. It was
not until Mosso could work in the Capanna Regina
Margherita a few years later that measurements
were easily made on subjects exposed to high alti-
tude for several days although, as indicated above,
he thought that ventilation was decreased.

Mosso realized that the alveolar PCO2 was reduced
in people living in the Capanna Regina Margherita
at 4559 m, but instead of attributing this to an
increased ventilation, he argued that the low pres-
sure at high altitude extracted carbon dioxide from
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Figure 13.1 Earliest tracings showing periodic breathing at an altitude of 4560 m: (a) a record from Ugolino Mosso,
brother of Angelo Mosso. Note the apneic periods of approximately 12 s; (b) a tracing from Francioli, keeper of the
Regina Margherita hut. Note the waxing and waning of respiration. (From Mosso 1898.)



the blood just as does a mercury pump in a blood-
gas analysis apparatus. Barcroft (1925) could not
follow Mosso’s argument and remarked:

I speak with all deference, but Mosso seems to
me to have overlooked the fact that the body
is exposed to what is practically a vacuum of
carbon dioxide, whether it be at the Capanna
Margherita or in his own laboratory at Turin.

Mosso introduced the term ‘acapnia’ to refer to the
reduction of PCO2 and believed that this was an
important factor in the development of acute
mountain sickness (AMS). Indeed, it may well be
that the symptoms of this condition are related in
part to the respiratory alkalosis. However, Barcroft
(1925) pointed out that Mosso’s theory was not
supported by the experience at the Alta Vista hut
(3350 m) on Tenerife during the First International
High Altitude Expedition of 1910. Barcroft had 
an almost normal alveolar PCO2 (38 mmHg) but
was incapacitated by the altitude, whereas Douglas,
whose PCO2 was only 32 mmHg, was ‘perfectly free
from all symptoms.’ Thus hypoxia (which was more
severe in Barcroft because he did not increase his
ventilation) rather than the low PCO2 was impli-
cated in the etiology of mountain sickness.

13.3 PHYSIOLOGY OF SLEEP

Despite the fact that we spend up to one-third of
our lives in the sleeping state, some aspects of the
physiology of sleep are poorly understood. Sleep can
be defined as a state of unconsciousness from which
the subject can be aroused by sensory or other 
stimuli. As such it can be distinguished from deep 
anesthesia and diseased states which cause coma,
though these have some features in common with
true sleep. Two major types of sleep are recognized.

13.3.1 Slow wave sleep (SWS)

This is often called non-REM or NREM sleep, or
sometimes normal sleep. It is characterized by
decreased activity of the reticular activating sys-
tem, and is called slow wave sleep (SWS) because
of the predominance of slow delta waves in the
electroencephalogram (EEG). These slow waves have
a high voltage and occur at a rate of 1 or 2 s�1. In

the early stages of sleep, the alpha rhythm (8–13 Hz),
which is always present during wakefulness, becomes
more obvious. In addition, sleep spindles (14–16 Hz)
may appear. These features can be used to divide
SWS into four stages (I–IV). The delta waves 
probably originate in the cortex of the brain when
it is not driven from below because of the reduced
level of activity of the reticular activating system.
SWS is dreamless, very restful and associated with
a decreased peripheral vascular tone, blood pres-
sure, respiratory rate and basal metabolic rate.

13.3.2 Rapid eye movement (REM) sleep

This is called REM sleep because, although the eyes
remain closed, there are rapid horizontal eye
movements. In a normal night of sleep, bouts of
REM sleep lasting 5–20 min usually appear on the
average about every 90 min. Often the first such
period occurs 80–100 min after the subject falls
asleep. The EEG tracing resembles the waking state,
but the person is actually more difficult to arouse
than during NREM sleep. REM sleep is usually
associated with active dreaming; the muscle tone
throughout the body is greatly depressed, but there
may be occasional muscular twitching and limb
jerking. The heart rate and respiration usually
become irregular. Thus, in this type of sleep, the
brain is quite active but the activity is not chan-
neled in the proper direction for the person to be
aware of his or her surroundings.

In experimental animals, sleep can be produced
by electrically stimulating the raphe nuclei in the
pons and medulla. There are extensive nerve fiber
connections between these nuclei and the reticular
formation. These nerve fibers secrete serotonin
and some physiologists believe that this is a major
transmitter substance associated with the produc-
tion of sleep. However, other possible transmitter
substances may play a role in the onset of sleep.

Sleep deprivation or fragmentation impairs
mental function, the higher brain functions being
the most susceptible. There are similarities between
the behavior of sleep-deprived subjects and people
at high altitude whose brains are affected by
hypoxia. In both instances, mental activities which
are ‘mechanical’ in nature, such as tabulating a set of
data, can be accurately accomplished, whereas activ-
ities that require problem solving and initiative are
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seriously affected (Chapter 16). It may be that some
of the impairment of CNS function in individuals
living at high altitude can be ascribed to the poor
quality of sleep, but the direct effects of hypoxia on
the brain also clearly play a role.

13.4 CHARACTERISTICS OF SLEEP AT 
HIGH ALTITUDE

13.4.1 Increased frequency of arousals

People at high altitude often report that they wake
more frequently during the night than at sea level,
and this has been confirmed by careful studies
(Reite et al. 1975, Weil et al. 1978, Salvaggio et al.
1998, Zielinski et al. 2000). The subjects had con-
tinuous recordings of the EEG, electromyogram
(EMG) and eye movements, and an arousal was
recognized by the occurrence of EMG activation,
eye movements and alpha wave activity on the EEG.
In one study an average of 36 arousals per night
occurred at an altitude of 4300 m compared with
20 at sea level (Weil et al. 1978). Administration of
the drug acetazolamide, which is known to stimulate

ventilation at high altitude, reduced the frequency
of arousals. An example of frequent arousals is
shown in Fig. 13.2.

Some investigators believe that the arousals are
caused in some way by periodic breathing. There 
is some evidence that arousals are more frequent
when the strength of periodic breathing is high. It is
easy to imagine that the strenuous muscular activity
required to generate large breaths after a prolonged
period of apnea could contribute to an arousal. A
common nightmare at high altitude is that the tent
has been covered with snow by an avalanche and
the subject wakes violently feeling suffocated and
very short of breath. This may be associated with
the air hunger caused by a long apneic period as
part of periodic breathing. However, arousals are
more frequent at high altitude, even in individuals
who do not have periodic breathing (Reite et al.
1975, Wickramasinghe and Anholm 1999).

13.4.2 Changes of sleep state

EEG studies confirm that there is a deterioration 
in the quality of sleep at high altitude. Light sleep
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Figure 13.2 Example of the change in sleep architecture in a subject measured at sea level (upper tracing) and on
the first night at an altitude of 4300 m (lower tracing). Time is on the horizontal axis and sleep stages are shown on the
vertical axis. A, awake; R, REM; D, stage I; 2, stage II; 3–4, stages and 4. At altitude there was greatly increased sleep
fragmentation and a reduction in slow wave sleep. (From Reite et al. 1975.)



(stages I and II of NREM) is increased, whereas
there are decreases both in deep sleep (stages III
and IV of NREM) and in REM sleep. In some studies,
REM sleep is virtually abolished (Pappenheimer
1977, Megirian et al. 1980). These studies of the
electrical activity of the brain support the subjec-
tive conclusions of climbers that sleep at high alti-
tude is often of poor quality, and not as refreshing
as sleep at sea level.

An early study of EEG changes in sleep at altitude
was performed in Antarctica where near the South
Pole the barometric pressure is reduced because of
the actual altitude and also the very high latitude
(see section 2.2.4). At this location Joern et al. (1970)
reported a near absence of sleep stages III and IV
coupled with an approximately 50% reduction 
in REM sleep. Although the light–dark cycle was
unusual in this setting, their findings have been
confirmed at more moderate latitudes.

An extensive study by Reite et al. (1975) studied
sleep patterns in subjects following a rapid ascent to
Pikes Peak (4300 m). Again there was a shift from
deeper to lighter sleep stages and a great reduction
in REM sleep. They reported that periodic breath-
ing was common but that it disappeared during
REM sleep. The changes in the pattern of sleep and
respiration were greatest on the first night at high
altitude and then declined. Other investigators have
generally confirmed these changes in sleep pattern
at high altitude (Anholm et al. 1992, Goldenberg 
et al. 1992, Wickramasinghe and Anholm 1999).

Studies in experimental animals have shown
similar findings. Pappenheimer (1977, 1984) studied
rats with chronically implanted cortical electrodes

and found that there were decreases in deep sleep
stages while in some studies REM sleep was virtu-
ally abolished. In a more recent study, Lovering 
et al. (2003) showed that sleeping cats had a marked
reduction in REM sleep when they were exposed to
hypoxia. Interestingly, here the mechanism appeared
to be hypocapnia because the reduced REM sleep
could also be caused by mechanical hyperventilation.

13.5 PERIODIC BREATHING

13.5.1 Characteristics

Early records of chest movements during periodic
breathing are shown in Fig. 13.1. This pattern has
now been confirmed in many studies carried out 
at various altitudes from sea level up to 8050 m
(Douglas and Haldane 1909, Douglas et al. 1913,
Weil et al. 1978, Sutton et al. 1979, Berssenbrugge
et al. 1983, Lahiri et al. 1983, West et al. 1986).

A typical pattern recorded at an altitude of
6300 m (PB 351 mmHg) in a well-acclimatized low-
lander using modern equipment is shown in Fig.
13.3 (West et al. 1986). Note that the tidal volume
waxed and waned during each burst of breathing,
with apneic periods of about 8 s. Arterial oxygen
saturation as measured by ear oximeter fluctuated
with the same frequency as the periodic breathing.
Note the phase difference; the highest arterial oxy-
gen saturation (inverted scale) occurred at approxi-
mately the end of the apneic period. This can be
accounted for by the circulation time from the lung
capillaries to the ear where the oxygen saturation
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Figure 13.3 Example of
periodic breathing at altitude
6300 m (PB 351 mmHg). (From
West et al. 1986.)



was measured. Heart rate was measured from the
electrocardiogram (ECG) and showed marked fluc-
tuations with the same frequency as the periodic
breathing. Note that the highest heart rate appeared
at the end of the burst of ventilation.

Nocturnal periodic breathing is extremely com-
mon in lowlanders who ascend to high altitude. In
the study from which Fig. 13.3 is taken, all eight
subjects who were living at an altitude of 6300 m
showed obvious periodic breathing during the sev-
eral weeks over which the measurements were made.
Studies were conducted over a period of about
1–3.5 h late at night and the proportion of the
study period during which periodic breathing was
seen varied between 57 and 90%. In general, the
percentage of time occupied by periodic breathing
increases with altitude. For example, Waggener 
et al. (1984) reported that periodic breathing with
apnea occupied 24% of the time at 2440 m, and
that the percentage increased to 40% at 4270 m. This
increase in proportion of time is consistent with a
theoretical model discussed below (Khoo et al. 1982)
and with the fact that periodic breathing is occa-
sionally observed during sleep at sea level but the
proportion of time spent in periodic breathing is
small (Priban 1963, Goodman 1964, Lenfant 1967).

In the AMREE study from which Fig. 13.3 is
taken, it was not possible to determine how much
of the time the subjects were actually asleep. However,
other studies have shown that periodic breathing is
very common during NREM sleep at high altitude,
but that it is uncommon during REM periods (Reite
et al. 1975, Berssenbrugge et al. 1983). Of course, as
indicated above, REM sleep itself is uncommon at
high altitude. The periodic breathing cycle in the
AMREE study had a mean of 20.5 s. This was the
same as the cycle length measured in a companion
study at 5400 m (Lahiri et al. 1983). There is evi-
dence that cycle length decreases with increasing
altitude (Waggener et al. 1984) and studies at sea
level indicate a cycle period of about 30 s (Douglas
and Haldane 1909, Specht and Fruhmann 1972,
Lugaresi et al. 1978). Figure 13.4 shows a plot of
cycle time against altitude for several experimental
studies and the theoretical model developed by
Khoo et al. (1982). It can be seen that the cycle times
from the AMREE studies were somewhat greater
than predicted by the model.

There is strong evidence that the apneic periods
are of central nervous origin rather than being
caused by airway obstruction. This is supported by

the absence of rib cage and abdominal movements
as determined from an inductance plethysmograph,
a device used for detecting changes in circumference
of the chest and abdomen. There was no evidence
that the percentage of time during which periodic
breathing was observed was altered by the duration
of acclimatization. All subjects showed obvious peri-
odic breathing but all were well acclimatized. Some
studies suggest that periodic breathing tends to
decrease over successive nights of moderate altitudes
as acclimatization progresses, but that it persists 
at altitudes above about 4500 m (Wickramasinghe
and Anholm 1999, Weil 2004).

Changes of heart rate during the periodic
breathing cycle were seen in all subjects and Fig. 13.3
is a good example. In general, the maximum heart
rate appeared shortly after the peak of the hyperp-
nea. Cardiac rhythm abnormalities were infrequent.
In one subject, ventricular premature contractions
occurred mainly during the apneic periods. How-
ever, this subject had a history of occasional ven-
tricular premature contractions at sea level. There
were no other observable changes in ECG pattern
except for minor alterations that could be attrib-
uted to changes in the position of the heart caused
by breathing movements.

In four subjects, evidence of periodic breath-
ing was obtained at an altitude of 8050 m (PB

282 mmHg). In these studies, breathing movements
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Figure 13.4 Variation of cycle time of periodic
breathing with altitude. Points marked ‘Previous data’
were originally published as Figure 8 in the paper by
Khoo et al. (1982), the solid line being results predicted
by their model (d). Vertical broken lines indicate
differences caused by scaling between neonates and
adults. For sources of data see Khoo et al. (1982). ‘This
study’ refers to West et al. (1986). (From West et al. 1986.)



were not recorded directly because of the very
remote location of the camp. However, continuous
ECG tracings were obtained during the night using
a Holter-type monitor, and the occurrence of peri-
odic breathing was inferred from the variations in
heart rate as described by Guilleminault et al. (1984).
An example is shown in Fig. 13.5. This particular
subject showed extremely regular cyclic regulation of
heart rate over long periods of time (up to 40 min).
It was easy to distinguish between this type of cyclic
variation caused by periodic breathing and sinus
arrhythmia.

13.5.2 Control of breathing

The control of breathing during sleep has been
extensively studied: for a review see Phillipson et al.
(1978). The ventilatory response to carbon dioxide
is reduced, at least in NREM sleep (Bulow 1963).
However, there is more uncertainty about the
hypoxic ventilatory response; some studies indicate
that it is increased in NREM sleep (Pappenheimer

1977, Phillipson et al. 1978). Responses to pulmonary
stretch receptor stimulation appear to be intact dur-
ing NREM sleep but may be decreased in REM
sleep (Phillipson et al. 1978).

The control of ventilation during hypoxic sleep
has been less well studied and there are some
unanswered questions (Dempsey 1983, Weil 2004).
Lahiri et al. (1983) studied the role of added oxy-
gen and carbon dioxide, and also the importance
of the hypoxic ventilatory response to periodic
breathing in both well-acclimatized lowlanders
and native Sherpas at an altitude of 5400 m.

Figure 13.6 shows the effect of adding oxygen 
to the inspired air. It can be seen that there was an
immediate increase in the apneic period from about
10 to 17 s. Subsequently, the apneic period shortened
and shallow rhythmic breathing resumed as the
arterial PCO2 increased because of the fall in alveo-
lar ventilation. In most subjects, the periodicity of
breathing did not totally disappear following the
addition of oxygen, but the strength of the peri-
odic breathing was clearly greatly diminished. The
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Figure 13.5 Cyclic variation
of heart rate caused by
periodic breathing in a
climber at 8050 m altitude.
PB � 282 mmHg. (From West
et al. 1986.)

Figure 13.6 Effect of increasing the inspired PO2 on periodic breathing in a lowlander during sleep at 5400 m. Note
that adding oxygen to the inspired gas raised the arterial oxygen saturation, eliminated the apneic periods, and
reduced the strength of periodic breathing. VT, tidal volume; Sa,O2, arterial oxygen saturation; E, expiration, I,
inspiration. (From Lahiri and Barnard 1983.)



changes can be partly explained by the reduction in
respiratory drive from the peripheral chemorecep-
tors when the arterial PO2 was raised.

Adding carbon dioxide to the inspired gas did
not totally abolish the periodic breathing, although
it did eliminate the periods of apnea. Withdrawal of
carbon dioxide from the inspired gas was followed
by a prompt reappearance of apnea, and the rapid-
ity of the response suggested a dominant role for
the peripheral chemoreceptors.

An interesting finding was that although the
lowlanders showed marked periodic breathing at
5400 m, the Sherpas often did not. The only excep-
tion was one Sherpa who had spent long periods of
time at low altitudes. As discussed in Chapter 5, the
Sherpas often show low ventilatory responses to
hypoxia, although the low altitude Sherpa referred
to here had an intermediate value. Figure 13.7 shows
the relationship between the frequency of apnea
during sleep at 5400 m and the hypoxic ventilatory
response. This indicates that a high hypoxic venti-
latory response predisposes to periodic breathing.

13.5.3 Mechanism

It is profitable to discuss the mechanism of peri-
odic breathing in terms of control theory, and a

particularly useful analysis was presented by Khoo
et al. (1982). They pointed out that two factors are
necessary for self-sustained oscillatory behavior in
a control system. In such a system we can identify a
‘disturbance’, for example a change in alveolar ven-
tilation caused by some adventitious factor such as
a sigh or alteration of body position. This is fol-
lowed by a ‘corrective action’ which tends to sup-
press the disturbance. In the case of an increase in
alveolar ventilation (caused by a sigh, for example)
the corrective action would be a lowering of PCO2,
which would tend to reduce ventilation by its action
on central and peripheral chemoreceptors and thus
constitute negative feedback. The first necessary
requirement for sustained oscillatory behavior is
that the magnitude of the corrective action exceeds
that of the disturbance, this ratio being known as the
loop gain.

The second necessary condition is that the correc-
tive action be presented 180° out of phase with the
disturbance, so that what would otherwise inhibit
the change in ventilation now augments it. This sus-
tained oscillatory behavior occurs when the loop
gain exceeds unity at a phase difference of 180°.

This theory predicts that the higher the loop gain
at a phase angle of 180°, the more likely periodic
breathing is to occur, the more marked the pattern
of periodic breathing, and the shorter the cycle
length of the periodic breathing. The main factor
increasing loop gain in acclimatized lowlanders 
at high altitude is the increased chemoreceptor
gain, particularly the response to severe hypoxia
(Chapter 5). Other contributing factors may be the
hyperventilation, which increases the rate of wash-
out of carbon dioxide and wash-in of oxygen in the
lungs, and the reduction of functional residual
capacity in supine subjects.

This analysis explains why there is a difference
between acclimatized lowlanders and Sherpas in
periodic breathing. Because native highlanders
often have a blunted hypoxic ventilatory response
(Severinghaus et al. 1966a, Milledge and Lahiri 1967),
the loop gain of the control system is reduced and
the factors promoting periodicity are weak. Lahiri
et al. (1983) have argued that this represents an
important feature of the true adaptation of native
highlanders such as Sherpas to high altitude. Peri-
odic breathing is disadvantageous because of the
very low levels of arterial PO2 following the apneic
periods (section 13.5.4). Having said this, some
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Figure 13.7 Relationship between frequency of sleep
apnea and ventilatory response to hypoxia (awake). 
d, acclimatized lowlanders; n, high altitude Sherpas; 
m, lower altitude Sherpa. One lowlander did not have
periods of apnea, and the low altitude Sherpa showed
periodic breathing. (From Lahiri et al. 1983.)



studies show that ventilation and oxygenation 
are actually improved during episodes of periodic
breathing, and that the incidence of AMS may 
be reduced in subjects with increased periodicity
(Fujimoto et al. 1989, Masuyama et al. 1989,
Normand et al. 1990).

In the analysis discussed above, a disturbance,
for example an arousal, is postulated to play an
important role in the genesis of periodic breathing.
However, Khoo et al. (1996) looked at the relation-
ship between arousals and the initiation of periodic
breathing in healthy volunteers at simulated altitudes
of 4572, 6100 and 7620 m. They found that although
arousals promoted the development of periodic
breathing with apnea in some instances, arousals
were not necessary for the initiation of periodic
breathing in all circumstances.

In another study of periodic breathing at high
altitude, measurements were made on nine Japanese
climbers who participated in an expedition to the
Kunlun mountains (7167 m) in China (Matsuyama
et al. 1989). There was a significant correlation
between the degree of periodic breathing during
sleep and both the hypoxic ventilatory response
and hypercapnic ventilatory response measured at
sea level (p � 0.05). Although all climbers showed
desaturation during sleep, there was a negative cor-
relation between the degree of desaturation and
the hypoxic ventilation response (HVR) (p � 0.05).
The authors concluded that the high HVR helped
to maintain the arterial oxygenation during sleep,
and that it was therefore advantageous.

In a further study, subjects with early high altitude
pulmonary edema (HAPE) showed a trend towards
more periodic breathing than subjects without
HAPE, probably because of lower values of arterial
oxygen saturation (Eichenberger et al. 1996). In a
study of patients with chronic mountain sickness at
3658 m altitude, sleep-disordered breathing was more
common than in a control group (Sun et al. 1996).

13.5.4 Gas exchange

Periodic breathing causes marked fluctuations in
the arterial PO2, which is not surprising considering
the long periods of apnea that sometimes occur.
Figure 13.3 shows a typical record of fluctuations in
arterial oxygen saturation as recorded by ear oxime-
ter. Another example is seen in Fig. 13.6.

In the study of nocturnal periodic breathing car-
ried out at an altitude of 6300 m during the 1981
AMREE expedition, the mean fluctuation in arterial
oxygen saturation between subjects was approxi-
mately 10% (West et al. 1986). In order to determine
the proportion of the time during which the arterial
oxygen saturation fell below a particular value, the
analysis described by Slutsky and Strohl (1980) was
carried out. This showed that the arterial oxygen
saturation below which the subjects spent 50% of
their time varied from a minimal value of 64.5% to
a maximum of 74.5% with a mean of 68.8%.

Since it is not usually feasible to sample arterial
blood over prolonged periods of time, most inves-
tigators of periodic breathing have relied on the
arterial oxygen saturation measured by ear oxime-
try. However, based on spot measurements of arte-
rial PO2 it was calculated that the maximum and
minimum values of saturation of 73.0% and 63.4%
from the AMREE study corresponded to arterial PO2

values of approximately 39 and 33 mmHg, respec-
tively. The conclusion was that the minimal arterial
PO2 during sleep was approximately 6 mmHg lower
than the resting daytime value, a substantial differ-
ence on this very steep part of the oxygen dissocia-
tion curve. It should be pointed out that, at high
work rates, the arterial PO2 falls considerably below
the resting value. However, climbers during their
normal activity do not generally work at more than
two-thirds of their maximal power (Pugh 1958;
section 11.9) so it was concluded that the most
severe arterial hypoxemia over the course of the
24 h probably occurred during sleep as a result of
the periodic breathing.

Another factor which may exaggerate the effects
of this arterial hypoxemia is the augmented cardiac
output during the periods when the arterial PO2 is
near its lowest value. As Figs 13.3 and 13.6 show,
the lowest arterial oxygen saturation typically occurs
just after the peak of ventilation during the periodic
breathing cycle. If venous return and thus cardiac
output are enhanced during this hyperpneic phase,
this would lead to enhanced delivery of this poorly
oxygenated blood. Thus it may be that the phasing
of arterial PO2 and cardiac output aggravate the
resulting impairment of oxygen delivery.

It is possible that the severe arterial hypoxemia
during periodic breathing affects tolerance to
extreme altitude. This leads to a paradox. As Fig.
13.7 shows, there is a correlation between hypoxic
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ventilatory response and the strength of the peri-
odic breathing, as would be expected from the con-
trol theory discussed in section 13.5.3. This would
suggest that climbers with a high hypoxic ventila-
tory response would tolerate altitude poorly. How-
ever, the opposite is generally found to be the case
(Schoene et al. 1984; also see Chapter 5). This can
be explained by the better ability of these climbers
to defend their alveolar PO2 against the low inspired
value by hyperventilation (Chapter 12). However,
it is clear that some elite mountain climbers have,
in fact, a relatively low hypoxic ventilatory response
(Milledge et al. 1983c, Schoene et al. 1987). One
possible explanation is that these climbers main-
tain a higher arterial PO2 during the night, and this
is a factor in their tolerance to extreme altitude.

13.5.5 Effects of drugs

Because of the poor quality of sleep at high altitude
and the suspicion that this is sometimes related 
to periodic breathing, there has been considerable
interest in the use of drugs to promote a normal
breathing pattern. Sutton et al. (1979) showed that
the administration of acetazolamide at a dose of
250 mg three times per day decreased the time spent
in periodic breathing from 80 to 35% at an altitude
of 5360 m. This was associated with an improve-
ment in arterial PO2 as judged by the arterial oxy-
gen saturation measured by ear oximetry. Weil et al.
(1978) used acetazolamide at an altitude of 4400 m
and found that the duration of periodic breathing
decreased from 35 to 18%. Hackett et al. (1987a)
found a decrease from 41 to 17% at 4400 m in four
subjects with the same drug (Fig. 13.8).

The mode of action of acetazolamide is not
fully understood, but it stimulates ventilation pos-
sibly because it induces a metabolic acidosis. At any
event, its value at high altitude is now generally
accepted in that it reduces the incidence of acute
mountain sickness (Hackett and Rennie 1976),
maintains a higher alveolar PO2 and lower PCO2, and
may even prevent some of the weight loss which
normally occurs as a result of muscle protein break-
down (Birmingham study 1981).

Other drugs have also been studied in an attempt
to improve the quality of sleep at high altitude. There
have been several studies of the benzodiazepine fam-
ily. Dubowitz (1998) studied acclimatized subjects

at an altitude of 5300 m and reported that the num-
ber and severity of changes in arterial oxygen satu-
ration during sleep were decreased, and the quality
of sleep was improved following administration of
temazepam. He found no significant drop in mean
oxygen saturation values during sleep. However, in
acclimatized subjects Röggla et al. (1994) found
that low dose sedation with diazepam reduced the
ventilatory response at moderate altitude. In a sub-
sequent study of temazepam, Röggla et al. (2000)
showed that, at an altitude of 3000 m, the arterial
PCO2 (determined from earlobe blood) was signifi-
cantly increased and the arterial PO2 significantly
decreased after 10 mg of temazepam.

In a study of zolpidem, an imidazopyridine
hypnotic drug, on sleep and respiratory patterns 
at a simulated altitude of 4000 m in a low pressure
chamber, Beaumont et al. (1996) reported improved
sleep quality at high altitude without adverse effects
on respiration. Blood gases were not looked at in
this study.
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Figure 13.8 Effects of a placebo, almitrine and
acetazolamide on periodic breathing and arterial oxygen
saturation (Sa,O2) at an altitude of 4400 m. Note that
acetazolamide abolished the apneic periods whereas
almitrine exaggerated them. (From Hackett et al. 1987.)



13.5.6 Effect of oxygen enrichment of
room air

Adding oxygen to the ventilation of a room shows
promise as a way of combating the hypoxia of high
altitude, particularly for people who commute to
high altitude to work (see Chapter 27 where the
technology is discussed). Luks et al. (1998) carried
out a randomized, double-blind trial at an altitude
of 3800 m to determine whether oxygen enrichment
of room air to 24% at night improved sleep quality
and performance and well being the following 
day. They found that, with oxygen enrichment, the
subjects had significantly fewer apneas and spent
significantly less time in periodic breathing with
apneas than when they slept in ambient air (Fig.
13.9). Subjective assessments of sleep quality were
also significantly improved. There was a lower
acute mountain sickness score in the morning after
oxygen-enriched sleep, using the Lake Louise crite-
ria. Of particular interest, subjects who slept in the
oxygen-enriched atmosphere had a significantly
greater increase in arterial oxygen saturation from
evening to morning compared with subjects who
slept in ambient air. This latter finding suggested
either that the control of breathing may have been
altered by sleeping in an oxygen-enriched atmos-
phere, or that there was less subclinical pulmonary
edema.

The study described above was conducted at an
altitude of 3800 m which is higher than most recre-
ational skiers and trekkers go. However, it is possi-
ble that oxygen enrichment of room air might be
useful at lower altitudes, for example 2000–3000 m,
where many skiing resorts are located. A common

complaint of people who typically arrive in a day
from near sea level is that sleeping is very unpleasant
for the first two or three nights. Oxygen enrich-
ment of room air is perfectly feasible for such
resorts (West 2002b) and can be expected to greatly
improve the quality of sleep. The provision of
oxygen-enriched bedrooms would not be a major
undertaking although careful attention has to be
given to the ventilation of the rooms. At least one
hotel, the Monasterio in Cusco, Peru (3399 m)
offers special oxygen-enriched rooms.
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Figure 13.9 Comparison of the time spent by 18
subjects in periodic breathing with apneas during sleep
in ambient air, compared with an atmosphere of 24%
oxygen at an altitude of 3800 m. The paired differences
were significant ( p � 0.01). (From Luks et al. 1998.)
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SUMMARY

Loss of appetite and loss of weight are common at
altitude. Initially these may be due to acute moun-
tain sickness (AMS). At heights below about 4500 m
appetite returns after a few days but at more extreme
altitudes anorexia persists and may get worse.
Weight loss on an altitude trip can have many
causes. On trek, initial weight loss may be the shed-
ding of excess fat caused by a sedentary lifestyle.
Intestinal infections can cause diarrhea and weight
loss. High on the mountain, unavailability of food
and liquid can be the cause but even in the absence
of these factors weight loss is seen, as in long-term
chamber studies.

In considering energy balance at altitude, basal
metabolic rate is increased 10–17% at 4000–6000 m
and possibly more at extreme altitudes. Exercise
increases energy needs, though the reduction in
maximum work rate would be expected to reduce
the energy requirement of climbing. However, the
use of new techniques has given values of energy
expenditure when climbing at extreme altitudes that
are at least as high as in the Alps, if not higher, so

daily energy needs are high while intake is often
reduced because of anorexia. This anorexia may be
mediated by the hormones such as leptin or by
cholecystokinin.

Weight loss results in a change of body compo-
sition; fat tends to be lost preferentially at low ele-
vations but muscle at higher altitudes.

Apart from calorie imbalance, there is some evi-
dence that at altitudes above about 5500 m there
may be malabsorption of food and an increase in
intestinal permeability. This effect of hypoxia on the
gut will increase the weight loss. But almost cer-
tainly the main cause of weight loss is calorie imbal-
ance due to anorexia.

Diet is important on treks and expeditions. There
are good physiological reasons to advise a high car-
bohydrate, low fat diet and many, though not all
climbers seem to favor this. However, palatability is
more important than composition in combating the
loss of appetite. Taste is dulled and most find that
they want more highly flavored, spicy foods. A crav-
ing for fresh rather than preserved food develops.
Fluids remain acceptable and many calories can be
taken in sweet milky drinks. Supplements such as



vitamins and minerals are probably not necessary if
a balanced diet is taken, with the possible exception
of iron supplements for pre-menopausal women.

14.1 INTRODUCTION

Anorexia and weight loss are well-known features of
life at high altitude, especially extreme altitudes. The
mechanism of this anorexia is not known. During
the first few days after a rapid ascent, anorexia may
be part of the symptomatology of acute mountain
sickness (AMS), but after this, when all other symp-
toms of AMS are gone, anorexia may remain.
Studies have suggested that the anorexia of AMS
may be mediated by the hormone leptin (Techop 
et al. 1998) though others have suggested this not to
be the case (Zaccaria et al. 2004). Other appetite 
hormones may be involved such as cholecystokinin
(Bailey et al. 2000). This continuing anorexia is not
common below about 5000 m but is almost universal
above 6000 m and becomes worse at even higher alti-
tudes, though the severity varies considerably
between individuals.

Weight loss is also common, though not
inevitable, even at extreme altitudes (see below) and
is largely due to the reduced energy intake conse-
quent on the anorexia, but the possibility that other
factors may contribute, such as malabsorption, is
reviewed in this chapter. This chapter also considers
diet at altitude and the evidence for the value of a
high carbohydrate diet.

14.2 ENERGY BALANCE AT ALTITUDE

14.2.1 Energy output

Energy expenditure can be divided into three 
components:

● Basal metabolism during sleep and lying or
sitting quietly

● Energy expenditure during periods of activity
● Food-induced energy expenditure

The metabolic rate during basal conditions is the
basal metabolic rate (BMR) whilst during activity,
the active metabolic rate may be increased up to
many times the BMR during maximal exercise.

Mountaineers hardly ever use maximal work rate in
climbing. Their preferred up-hill climbing rate is
typically about 50% of maximum (Pugh et al. 1964)
and this occupies only a part of the total time out
‘climbing’; the rest being resting, walking down hill
etc. Any periods of intense activity are usually of
short duration so that under normal conditions it is
the basal metabolic rate that is the largest compo-
nent of daily energy expenditure. This is determined
mainly by body size or more exactly the fat-free
mass. Food induced energy expenditure is the
energy required to digest the food eaten and is about
10% of the energy intake on a normal mixed diet.

BASAL METABOLIC RATE AT ALTITUDE

Nair et al. (1971) found that after a week at 3300 m
the basal metabolic rate (BMR) was elevated by
about 12%. Exposure to cold as well as hypoxia (in a
second group of subjects) made no difference to this
effect compared with hypoxia alone. By week 2,
BMR was back to control values and was below con-
trol by week 3. Cold exposure at this time resulted in
elevation of BMR to above sea level values by week 5
and it remained elevated a week after return to sea
level. Butterfield et al. (1992) found BMR to be ele-
vated by 27% on day 2 at Pikes Peak (4300 m) in
Colorado. The BMR then decreased over the next
few days to plateau at �17% compared with sea
level by day 10. The metabolism of a group of fit
women was studied at 4300 m by Mawson et al.
(2000). The BMR was elevated after 3 days at alti-
tude but had returned to sea level values by day 6.
However, the energy requirements remained 6%
elevated above control values giving rise to an
apparent ‘energy requirement excess’ of about 670
MJ day�1 whilst at high altitude. They also found
that the phase of the menstrual cycle had no effect
on energy requirement at altitude.

After acclimatization, BMR measured at 5800 m
was found to be elevated by about 10% in subjects
who had been at altitude for 82–113 days (Gill and
Pugh 1964). It is likely that BMR rises again if sub-
jects climb to altitudes to which they are not accli-
matized and we have no data on BMR at altitudes
above 6000 m when weight loss becomes even more
rapid, but its elevation might well be a factor.

BMR was found to be high at altitude in altitude
residents (Ladakhis and Sherpas) compared with
lowlanders and with predicted values (Gill and Pugh
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1964, Nair et al. 1971). This elevation of BMR
remained even when allowance was made for the
fact that these people generally have less fat in 
their body composition. Picon-Reategui (1961) also
reported elevated BMR in Andean miners at
4540 m. The mechanism for this rise in BMR is
uncertain. Fecal and urinary excretion of energy
nitrogen and volatile acids are not altered in the
early days at altitude (Butterfield et al. 1992). There
is increase in sympathetic activity at this time (sec-
tion 15.6) and the finding that this increase in meta-
bolic rate can be inhibited by a beta-blocker (Moore
et al. 1987) suggests it is a likely factor. Increased
thyroid activity may also play a part, especially in the
longer-term elevation of BMR (section 15.7).

ACTIVITY ENERGY EXPENDITURE AT
ALTITUDE

Work in absolute terms requires the same oxygen
intake at altitude as at sea level until near-maximum
work rate is reached (Pugh et al. 1964, West et al.
1983c, Wolfel et al. 1991). At altitude the maximum
work rate is reduced (Chapter 11) and all activity
seems disproportionately fatiguing. At 8000 m,
even rolling over in a sleeping bag demands a great
effort. Thus, energy expenditure for normal activi-
ties of daily living might be expected to be reduced
at extreme altitude. Another fact of life at extreme
altitudes is that often the only warm place is a sleep-
ing bag and much of the 24 h of the day is spent
lying down. However, the increased work of breath-
ing has a small opposite effect, as does the increase
in BMR, so that the daily energy expenditure is
probably about the same as, or slightly above that at
sea level (see below). At intermediate altitudes
(2500–4500 m), although maximum work rate is
reduced, energy expenditure on normal daily activ-
ities of short duration is probably not much altered.
For longer-term work such as hill climbing, much
will depend upon the degree of acclimatization and
fitness. Pugh et al. (1964) found VO2 intake on
climbers climbing at their ‘preferred’ rate to decline
very little up to about 5000 m (Fig. 11.1), whereas
Butterfield et al. (1992) found a 37% reduction in
energy expenditure for exercise ‘more strenuous
than walking’. But the overall requirement for
energy to maintain body weight increased from
13.22 MJ at sea level to 14.64 MJ a day at 4300 m
due to the increase in BMR.

Before about 1990 it had been impossible to
measure energy expenditure over long periods, but a
doubly labeled water technique was then developed
which made this possible. Water is labeled with both
deuterium and 18O. The deuterium is eliminated as
water while the oxygen is eliminated as both water
and carbon dioxide. Thus carbon dioxide produc-
tion can be calculated from the different elimina-
tion rates (Schoeller and van Santen 1982, Coward
1991). Using this technique, Westerterp et al. (1992)
found average daily energy expenditure in the Alps
(2500–4800 m) to be 14.7 MJ and on Mount Everest
(5300–8848 m) it was not significantly different at
13.6 MJ. Very similar daily results were obtained in
the 1992 British Winter Everest Expedition of
11.7–15.4 MJ (Travis et al. 1993). Pulfrey and Jones
(1996), using the same technique at altitudes of
5900–8046 m, found the very high mean values 
of 19.4 MJ day�1 and a negative energy balance 
of 5.1 MJ day�1. Reynolds et al. (1999) found the
same high mean value of 20.6 MJ day�1 above Base
Camp with a dietary intake of only 10.5 MJ , giving a
deficit of 10 MJ day�1! On the other hand, in a
chamber experiment simulating an ascent of Everest
over 31 days (Operation Everest III), there was a
small reduction in energy expenditure from a mean
of 13.6 in normoxia to 13.3 and 12.1 MJ day�1 in the
early and late phases of the study (Westerterp et al.
2000). This suggests that hypoxia per se does not
elevate BMR sufficiently to balance the effect of
reduced daily activity in hypoxic subjects confined
to a chamber, whereas on a mountaineering expedi-
tion high energy outputs and large calorie deficits
can be expected.

14.2.2 Energy intake and caloric 
balance

Up to about 4500 m, people who have acclimatized
have normal appetites and normal food intake
(Consolazio et al. 1968).Above 6000 m most climbers
experience anorexia. This tends to become more
pronounced the longer one stays at these altitudes.
Climbers complain about the food available and
feel that the preserved nature of food increases the
anorexia and reduces their intake. There are few
data on actual calorie intake under these circum-
stances. Those that there are, rely on diary cards
and estimates of portion size. On Cho Oyu in Nepal
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in 1952 food eaten at between 5250 and 6750 m was
only about 13.4 MJ a day compared with 17.6 MJ
on the march out, and on Everest in 1953, above
7250 m, the intake was only about 6.3 MJ (Pugh
and Band 1953). On the Silver Hut Expedition
(1960–61), in four climbers at 5800 m whose living
conditions were excellent and where a good variety
and quantity of food was available, a daily intake of
12.6–13.4 MJ day�1 was estimated (Pugh 1962a).
Boyer and Blume (1984) reported that on the
American Medical Expedition to Everest (AMREE)
in 1981, over 3 days, four subjects had a mean
intake of 9.34 MJ at 6300 m compared with 12.5 MJ
at sea level. Dinmore et al. (1994) found intakes
similar during the march in (1500–2000 m) 
and above 5500 m (10.8 and 10.3 MJ). However,
Westerterp et al. (1992) and Travis et al. (1993) esti-
mated intakes high on Everest of 7.5 MJ and 8.6 MJ,
respectively, indicating the expected reduction in
intake above 6300 m.

Clearly, high on major mountains (above
6000 m), when actively climbing, it is not possible to
maintain caloric balance even when acclimatized.
Westerterp et al. (1994) on Mount Sajama (6542 m)
in Bolivia found an energy deficit of 3.5 MJ day�1 in
10 subjects camped on the summit for 21 days. The
average weight loss was 4.9 kg (1.6 kg week�1), 74%
of it being due to loss of fat. In Everest climbers
studied by Westerterp et al. (1992) there was a daily
negative balance of 5.7 MJ. Clearly, more studies
using the labeled water technique are needed to
answer the question of whether acclimatized sub-
jects can maintain energy balance at intermediate
altitudes (4500–6000 m) when semi-sedentary.

14.3 WEIGHT LOSS ON ALTITUDE
EXPEDITIONS

14.3.1 Weight loss on the march out

Most climbing and trekking groups experience
weight loss in the initial 1–3 weeks of an expedi-
tion, even when walking below 3000 m. This is
probably due to the change in lifestyle for most
subjects from an urban semi-sedentary existence
to the more active lifestyle of walking 16 km (10
miles) a day with some considerable ascents and
descents. In addition, gastrointestinal infections
are common.

Boyer and Blume (1984) found that 13 AMREE
members, during the march out to the Everest
region, lost an average of 2 kg (range 0–6 kg). Those
with the highest percentage of body fat to start with
lost most weight, the correlation being significant;
70% of this weight loss was due to loss of fat. Two
subjects with less than 13% of body fat lost no
weight. Dinmore et al. (1994) similarly found an
average loss of 1.3 kg during the first week of
trekking but only a further 0.5 kg in the next week.

Weight loss during this phase of an expedition or
trek can be considered as shedding unnecessary fat.

14.3.2 Weight loss at altitude

On first arrival at altitude, AMS may cause anorexia
and vomiting with resultant weight loss, though usu-
ally the duration is not long enough to do this. Also,
fluid may be retained and subjects with AMS often
gain weight (Hackett et al. 1982). Consolazio et al.
(1972) found a small gain in weight on the first day
at altitude followed by a loss of weight of about 1 kg
over the next 5 days at 4300 m.

The mechanism of the anorexia as a symptom 
of AMS is not clear. A few humoral factors which 
are known to affect appetite or satiety have been
investigated.

LEPTIN

Leptin is a hormone which suppresses appetite. In
subjects taken to 4559 m by helicopter, Tschop et al.
(1998) found that the leptin levels were raised and in
those who complained of anorexia levels were higher
than those with no loss of appetite (Fig. 14.1). This
work suggested that leptin might be involved in the
mechanism of appetite loss at altitude but recent
studies have found a reduction of leptin levels at alti-
tude (Bailey et al. 2004,Vats et al. 2004, Zaccaria et al.
2004) and no correlation between leptin levels and
AMS scores in the first few days after arrival at
5050 m (Zaccaria et al. 2004). However, one further
study did find an increase (Shukla et al. 2005).

CHOLECYSTOKININ, GHRELIN AND
NEUROPEPTIDE Y

Apart from leptin there is now a whole list of new
hormones, neurotransmitters and receptors which
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are thought to influence appetite. A few of these
have been assayed in subjects going to altitude.
Cholecystokinin induces a sense of satiety. It is
increased by exercise. Bailey et al. (2000) found sig-
nificantly elevated resting cholecystokinin levels in
subjects who had AMS on arrival at 5100 m com-
pared with those without AMS. Ghrelin is an
appetite-stimulating peptide produced in the stom-
ach (Wren et al. 2001). Shukla et al. (2005) found
ghrelin levels to be reduced by 30% in subjects at an
altitude of 4300 m compared with baseline levels.
NPY is another peptide affecting appetite but Vats
et al. (2004) found no significant change in NPY
levels in subjects at 3600 and 4580 m. These results
should be considered as preliminary and clearly
more work is needed to try to elucidate the mecha-
nisms involved in the loss of appetite in both AMS
before acclimatization and, at higher altitudes, the
increasing aversion to food after acclimatization.

WEIGHT LOSS AFTER ACCLIMATIZATION

After acclimatization, weight loss is usually seen
only above about 5000 m. Dinmore et al. (1994)

found an average loss of 3.9 kg during 2 weeks’
climbing above 5000 m; on the 1992 British Winter
Everest Expedition a mean weight loss of 5 kg was
observed above 5400 m out of a total loss of 7.8 kg
(Travis et al. 1993). Figure 14.2 shows the crucial
effect of altitude on body weight on one well-
acclimatized subject. The combined effects of the
march out and early residence at the Silver Hut, at
5800 m, produced a weight loss of 5.3 kg. Thereafter,
during time spent at the Silver Hut the subject lost
weight steadily at a weekly rate of just under 400 g
week�1 but, on two occasions, on descent to altitudes
of 4000–4500 m, he began to gain weight. Most sub-
jects in the Silver Hut lost between 0.5 and 1.5 kg
week�1 (Pugh 1962a).

Rai et al. (1975) found no weight loss in their
subjects living at 3500–4700 m, even though they
were working quite hard at road building and dig-
ging. Indeed, on a high fat diet (232 g daily) they
actually gained an average of 1.4 kg during 3 weeks
at 4700 m. Butterfield et al. (1992) also found that it
was possible to attenuate weight loss at 4300 m by
increasing dietary intake in proportion to the
increase in BMR. However, at Advanced Base Camp
(6300 m) in the Western Cwm on Everest most sub-
jects lost weight. Boyer and Blume (1984) docu-
mented this weight loss as an average of 4 kg (range
0–8 kg) over a mean of 47 days in 13 subjects. Again,
there was considerable individual variation in the
amount of weight lost which correlated with initial
percentage of body fat. Boyer and Blume also found
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Figure 14.1 Serum leptin concentrations at 490 and
4559 m (Capanna Margherita) in 18 subjects with and
without loss of appetite. The increase in leptin from low
to high altitude (area between curves) was significant for
subjects with loss of appetite ( p � 0.008) but not for
those with no appetite loss (p � 0.35). From Tschop et al.
(1998) with permission.

Figure 14.2 Record of body weight of one subject during
the Silver Hut Expedition 1960–61. After the march out
from Kathmandu (K) and the initial period of preparation,
he was in residence at 5800 m (hatched areas) or at Base
Camp at 4500 m. Note the loss of weight at 5800 m but
weight gain during two breaks at 4500 m.



that Sherpas, who averaged only half as much body
fat as the Western climbers, lost no weight during
the time spent above Base Camp, mostly at or above
6300 m (see also section 14.9).

A possible reason for differences in weight loss
response to altitude is the athletic fitness of subjects.
Westerterp (2001), in a review of the limits to sus-
tainable human metabolic rate, points out that
whereas normal, healthy, untrained men, at sea level,
can sustain a physical activity level (PAL) of about
1.5 times their average daily metabolic rate, trained
endurance athletes can sustain a PAL of 3.0–4.5
without losing weight! This they do by increasing
their food intake enormously, especially of carbohy-
drates. In the case of Scandinavian athletes studied,
this was by frequent meals and the use of high energy
carbohydrate drinks. An alternative strategy seems to
be used by Sherpas and Nepali porters accustomed
to long-term high energy expenditure. For logistical
reasons they can only eat two meals a day (they have
to stop, light a fire and cook) but Westerners are
impressed at the huge quantities of rice or tsampa
that they can put away at a sitting.

Women seem to lose less weight than men do.
Hannon et al. (1976) found their female subjects
lost an average of only 1.8% of body weight during 7
days at 4300 m whereas studies, previously reported,
of men at this altitude had found losses of 3.5 and
5.0%. Collier et al. (1997b) found changes in body
mass index at Everest Base Camp (5340 m) over a
median of 15 days: 22 men lost 110 g m�2 day�1

compared with 20 g m�2 day�1 in eight women, a
significant difference (p � 0.03). The seven male
climbers who climbed to between 7100 and 8848 m,
using oxygen at extreme altitude, all lost weight,
averaging 150 g m�2 day�1. The one female climber
who spent 4 nights above 8000 m without supple-
mentary oxygen lost no weight between leaving and
arriving back at Base Camp!

14.3.3 Weight loss in chamber
experiments

It could be argued that some of the weight loss on
expeditions is due to cold, limited food supplies,
and the increased energy expenditure of climbing.
This may often be the case, although not so in a
number of the studies quoted above. Chamber
studies avoid this potential criticism; most are of

too short a duration to be relevant, but Operation
Everest I and II, studies of 40 days’ duration,
showed that, despite good environmental condi-
tions of temperature, humidity and diet ad libitum,
subjects lost weight (Rose et al. 1988). In Operation
Everest II the six subjects lost an average of 7.4 kg
during the 38 days of observations as they ascended
the simulated height of the summit of Everest.
Energy intake fell by 43% and, interestingly, the
subjects chose a diet that resulted in a reduction of
carbohydrate from 62 to 53% of the total diet. The
authors considered that the weight loss could not
be accounted for totally by the reduction in intake
and considered that malabsorption or increase in
energy expenditure due to increased BMR must be
invoked (section 14.2.1). The exercise taken in this
chamber study would probably be less than on 
a climbing expedition. On Operation Everest III
(COMEX ’97) there was a similar loss of weight,
averaging 5 kg during the 31 day chamber study
taking eight subjects to the simulated height 
of the Everest summit. Intake was reduced by 
4.2 MJ day�1 due to subjects feeling satiated sooner
(Westerterp-Plantenga 1999).

14.4 BODY COMPOSITION AND 
WEIGHT LOSS

Assuming much of the weight loss is due to negative
energy balance, a simplistic view would be that the
body would use up fat stores first and then start
using protein from the lean body mass, principally
the muscles. However, even with a most carefully
controlled diet aimed at fat reduction, it is never
possible to lose fat exclusively and retain all the lean
body mass (Garrow 1987). The best that can be
achieved is that, of the weight lost, 75% is fat and
25% lean body tissue. This compares with the situa-
tion during a complete fast when fat and lean body
tissues are lost in roughly equal proportions (Forbes
and Drenick 1979).

Boyer and Blume (1984) used skinfold measure-
ments to estimate body fat. There are uncertainties
about the absolute results of this method, but relative
changes probably can be reliable. They found that, of
the average 2 kg loss during the march out to Base
Camp, 70% was due to loss of fat, which is a figure
close to the most efficient muscle sparing regimen
available. However, above 5400 m, mainly at or above
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6300 m, of the 4 kg average weight loss only 27% was
due to loss of fat and 73% due to loss of lean body
tissue, despite the fact that subjects still had at least
10% of their body weight as fat. This percentage loss
of muscle, greater than that seen in starvation, sug-
gests that at this altitude hypoxia may be interfering
with protein metabolism (section 14.5).

In the Operation Everest II study (Rose et al.
1988) there was loss of 2.5 kg of fat (1.6% body
weight) and 4.9 kg of lean body tissue. Compu-
terized tomographic examination of the thigh
showed a 17% loss of muscle and a 34% loss of sub-
cutaneous fat. Although loss of muscle mass must
be a disadvantage, one beneficial effect is to increase
the density of muscle capillaries. This is because the
loss of muscle mass is achieved by reducing fiber
diameter rather than number, with the number of
capillaries per fiber remaining constant. Thus the
intercapillary distance decreases with an improve-
ment in oxygenation of the muscles (Chapter 10).
Evidence in support of this speculation is found in
the work of Oelz et al. (1986), who studied muscle
biopsies from six elite climbers at sea level some
months after return from altitude. It was found that
their muscle fibers were smaller and the capillary
density greater than controls. Another explanation
for the loss of muscle mass is that with decreased
overall activity at altitude there is some disuse atro-
phy which would similarly reduce muscle fiber
diameter. These two explanations are not mutually
exclusive. Results of muscle biopsy studies during
Operation Everest II (MacDougall et al. 1991)
showed similar histological changes in muscle fiber
size (Chapter 10 contains a fuller discussion of
changes in muscle histology).

14.5 INTESTINAL ABSORPTION AND
HYPOXIA

In view of the continued weight loss at altitudes
above 5000 m with, in some cases, adequate intake
and reduced energy output, the possibility of mal-
absorption and malutilization of food must be con-
sidered. Pugh (1962a) reported that members of the
Silver Hut Expedition noted that stools tended to be
greasy and bulky, suggesting possible steatorrhea
due to malabsorption of fat.

As mentioned in section 14.3, weight loss is not a
feature of living at altitudes below about 5000 m,

and the fact that most altitude research is conducted
below this level may explain why so little work has
been carried out on the topic of intestinal absorp-
tion. Other reasons for the neglect of this field may
be that the methods involved are either too sophisti-
cated for easy use in the field (e.g. absorption of
radioactive materials), or are unattractive to investi-
gators (e.g. fecal collection, liquidization and aliquot
sampling, etc.). Finally, few altitude physiologists
have a background in gastroenterology.

14.5.1 Carbohydrate absorption and
hypoxia

Milledge (1972) studied patients who were hypoxic
either because of congenital heart disease or
chronic obstructive lung disease. Xylose absorption
decreased with decreasing arterial oxygen satura-
tion (Fig. 14.3).

On relieving the hypoxia by surgery in the cardiac
cases, or by 13 h of supplementary oxygen breathing
in the respiratory cases, there was improvement in
xylose absorption in all patients. The xylose absorp-
tion test has a rather uncertain lower normal limit,
especially in a population in which intestinal para-
sitic infection is common (the study was carried out
in South India). However, the results suggest that,
below an arterial saturation of about 70%, absorp-
tion was impaired (Fig. 14.3); improvement on relief
of hypoxia supports this view.
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Figure 14.3 Xylose absorption in patients hypoxic
because of either congenital cyanotic heart disease (s),
or chronic respiratory disease (d), plotted against their
arterial oxygen saturation.



Pritchard and Lane (1974) did not find malab-
sorption in 26 patients with chronic obstructive
lung disease. However, the lowest arterial PO2 was
48 mmHg, equivalent to about 78% saturation.
Chesner et al. (1987) found no malabsorption of
xylose in 11 subjects up to 4846 m. However,
60-min plasma xylose concentrations were reduced
in subjects who ascended to 5600 m, confirming
that absorption is not affected until hypoxia is
severe. Boyer and Blume (1984), who studied sub-
jects at 6300 m, found xylose absorption decreased
by 24% in six out of seven subjects, compared with
sea level controls.

However, absorption measured by xylose has
the drawback that the result is influenced by fac-
tors such as gastric emptying time, absorption
area, intestinal transit and renal function. Dinmore
et al. (1994) used a double carbohydrate test; the
two nonmetabolized carbohydrates used undergo
different forms of mediated absorption but are
otherwise subject to the same external influences
which cancel out when results are expressed as a
ratio (Menzies 1984). D-xylose is absorbed by 
passive mediated transport, whereas 3-O-methyl-
D-glucose is absorbed by active mediated, sodium-
dependent transport. Dinmore et al. found that at
6300 m there was 34% decrease in D-xylose (Fig.
14.4) and a 15% decrease in 3-O-methyl-D-glucose
absorption. The ratio was consistently decreased at
altitude and in a subsequent study the 60-min
serum xylose/3-O-methyl-D-glucose ratio was 17%
lower at 5400 m than at sea level (Travis et al. 1993).
These more sophisticated studies therefore support
the hypothesis that at these high altitudes carbohy-
drate absorption is impaired.

14.5.2 Fat absorption and hypoxia

Rai et al. (1975) found no malabsorption for fat at
4700 m; neither did Chesner et al. (1987) at 3100 m
and 4800 m. Imray et al. (1992), using the 14C-
triolein breath test, found no malabsorption of fat at
5500 m on Aconcagua in Argentina, and Butterfield
et al. (1992) found no increase in fecal excretion of
volatile fatty acids at 4300 m. However, Boyer and
Blume (1984) found fat absorption decreased by
49% at 6300 m compared with sea level results in
three acclimatized subjects.

14.5.3 Protein absorption and hypoxia

Kayser et al. (1992) measured protein absorption
using urinary and fecal 15N excretion after inges-
tion of 15N-labeled soya protein. They found no
reduction in absorption in subjects after 3 weeks at
5000 m.

14.5.4 Summary: malabsorption at
altitude

There is no evidence of malabsorption up to an alti-
tude of about 5000 m and this has been confirmed
by measurements of fecal energy excretion which
have shown that 96% of energy intake is assimilated
(Kayser et al. 1992), a normal sea level value for sub-
jects on a western low residue diet. This test of
overall food digestibility is measured over a 3-day
period; the total energy values of both food and feces
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Figure 14.4 D-xylose absorption tested in a group of
climbers at sea level (UK), at altitudes indicated in Nepal
and after return to UK (with mean and S.D. values at
each location). (Data from Dinmore et al. 1994.)



are measured in a bomb calorimeter and the energy
of the food digested expressed as a percentage of the
food eaten. Above 5000 m there may be malabsorp-
tion of carbohydrate, fat and protein though the 
evidence is not compelling. There is always the pos-
sibility that intestinal infections, at the time of the
study or in the previous few days or weeks, may have
caused some malabsorption since many of these
field studies were undertaken in countries where
such infections are all too common. Westerterp et al.
(1994) on Mount Sajama (6542 m) found that gross
energy digestibility decreased to 85%, indicating
some malabsorption, though most of the weight
loss was attributable to low food intake. On the
other hand in Operation Everest III, Westerterp 
et al. (2000) found a normal energy digestibility of
94% at 7000 m simulated altitude.

It now seems likely that malabsorption, due to
hypoxia, if it exists, is only a minor factor in the
weight loss seen at altitude which is predominantly
due to a negative energy balance.

14.6 PROTEIN METABOLISM AT 
ALTITUDE

The obvious muscle wasting seen especially in
climbers returning from extreme altitude prompts
the question of whether hypoxia affects protein
metabolism directly. There are very few data on this
topic in humans.

Consolazio et al. (1968) studied protein balance
at altitude and found no difference between subjects
there and at sea level, but the altitude station was
Pikes Peak (4300 m), below the crucial height at
which continued weight loss is observed.

Rennie et al. (1983) studied the effect of acute
hypoxia in a chamber (equivalent altitude 4550 m)
on leucine metabolism in forearm muscles. They
found that acute hypoxia resulted in a net loss of
amino acids from the muscles, probably due to a fall
in muscle protein synthesis. If this finding can be
extrapolated to the situation of chronic hypoxia at
altitudes of above 5000–6000 m (where hypoxia in
acclimatized subjects would be similar to that in the
above study), then it provides a further contributing
factor to the loss of muscle mass described above. It
has been suggested that protein or branched-chain
amino acid (BCAA) supplementation might be
helpful in reducing the muscle loss. Bigard and 

colleagues (1996b) gave one group of skiers BCAA
supplementation while participating in six sessions
of ski mountaineering at altitudes of 2500–4100 m.
They found that they did no better than a control
group given 98% carbohydrate supplement with
respect to changes in body composition or per-
formance of isometric contraction. However, body
weight loss was possibly less in the BCAA group. In
another study (Bigard et al. 1996a) they found that
adding protein to the diet of growing rats did not
affect the depression of muscle growth caused by
altitude.

A recent study of 8–9-year-old children resident
at altitude (La Paz, 3600 m) by San Miguel et al.
(2002) found that protein absorption or utilization
was significantly reduced as compared with a group
of children at low altitude. The high altitude group
had only oxidized 19% of the casein after 6 h, com-
pared with 25% in the low altitude group (p � 0.02)
The method used was ingestion of 13C-labeled
leucine incorporated into casein. Expired 13CO2 was
then analyzed. However, this method does not dis-
tinguish between reduced absorption and increased
utilization of protein.

14.7 WATER BALANCE AT ALTITUDE

There is no doubt that dehydration was common
amongst early high altitude climbers and one of
Pugh’s contributions to the success of the 1953
Everest Expedition was his insistence on the impor-
tance of planning for adequate fluid intake of
climbers high on the mountain. Pugh writes:

For men climbing seven hours a day [at alti-
tude] 3–5 litres of fluid, in the form of bever-
ages and soup, were required in order to
maintain a urine output of 1.5 l/day. This high
fluid requirement was partly explained by the
high rate of fluid loss from the lungs associ-
ated with increased ventilation and the dry
cold air, and partly by sweating.

(Pugh 1964a)

Since then all those involved with advice to
trekkers and mountaineers have emphasized the
importance of adequate hydration. Dehydration
certainly impairs performance and it has been sug-
gested that it may be a risk factor for acute moun-
tain sickness, though there is not a lot of evidence
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for this (see Chapter 18). Whilst not denying the
importance of hydration, it is possible to overstate
the case and be too enthusiastic about pushing flu-
ids, especially electrolyte-free water which can lead
to hyponatremia. Cases have been described in hot
environments (Backer et al. 1993, four cases), in a
cold environment (Zafren 1998) and in the moun-
tains (Basnyat et al. 2000a). At altitude this condi-
tion is easily misdiagnosed as acute mountain
sickness.

Water balance is the difference between intake
and output of water. Water intake may well be
restricted because of unavailability of water espe-
cially at high altitude where it can only be obtained
by melting snow or ice; hence the need to plan for
adequate fuel to achieve adequate fluid intake. Water
is also derived from metabolism of food as well 
as the water content of food, so if food intake is
reduced at altitude, as it often is, that will increase
the requirement for fluids.

Fluid output is the sum of fluid loss in urine
and feces and insensible loss. The latter consists of
loss by sweat and respiratory loss. There may be
considerable sweat loss. Although the air is cold,
climbers are dressed for it and the solar load may
be high because of the reduced filtering effect of air
and the effect of reflection of heat from snow.
Because the air is so dry, sweat evaporates very effi-
ciently, and the climber is unaware that he is sweat-
ing, perhaps profusely. Of course, in really cold
conditions sweat loss may be minimal. The effect
of altitude hypoxia alone on insensible water loss
was found to be unchanged from control condi-
tions in the chamber study, Operation Everest III
(Westerterp et al. 2000).

14.7.1 Respiratory water loss and its
calculation

As mentioned, it has been assumed that hyperventi-
lating in the cold dry air of high altitude must result
in considerable respiratory water loss. Respiratory
water loss is the loss in the expired gas minus any
water in the inspired air. The latter depends upon
the temperature and relative humidity. At sea level
typical indoor conditions of 22°C and 50% humid-
ity the inspired water vapor pressure (PI,H2O) is 10
Torr and each liter of inspired air contains 10.6 mg
of water. At altitude both temperature and humidity

are low and the water content of the air is close to
zero. On inspiration air is warmed and wetted so
that by the time the gas reaches the alveoli it is fully
saturated and warmed to body temperature. The
PI,H2O is 47 Torr and the water content 49.7 mg L�1.
On the assumption that expired gas is at body tem-
perature and fully saturated there would be an esti-
mated net loss of 49.7 mg of water for each liter
expired, when dry air is breathed, or 39.1 mg L�1

under typical indoor conditions. At rest, assuming a
ventilation of 6 L min�1, the loss would be 234.7 mg
min�1 or 338 mL day�1 and if the air was com-
pletely dry, 298.1 mg min�1 or 429 mL day�1.

Exercise, by increasing the minute ventilation,
will increase this figure. From studies of daylong
(8 h) hill walking at altitudes up to 1000 m, total 
24 h oxygen consumptions of 596 and 928 L have
been reported for rest and exercise days respectively
(Williams et al. 1979). This represents a total venti-
lation of about 14 900 and 23 200 L in 24 h and res-
piratory loss of 584 and 909 mL water.

At altitude, the increased ventilation and dry air
will increase these figures. With a barometric pres-
sure at half an atmosphere (about 5800 m) the accli-
matized subject roughly doubles his ventilation
both at rest and at sub-maximal work rates so 
that on these assumptions the 24 h respiratory 
losses work out at 859 mL on rest days and 1.718 L
on climbing days. If we consider a climber spending
a day climbing above 8000 m and assume an average
minute ventilation over the 24 h of 40 L min�1 (an
extreme value), the water loss would be 2.863 L.

However, it has been known for many years
(though often forgotten and rediscovered) that the
temperature of expired gas is below body tempera-
ture and probably is not fully saturated with water at
even this lower temperature (Loewy and Gerhartz
1914, Burch 1945, Webb 1951, Ferrus et al. 1984).
Therefore the actual respiratory water loss will be
less than figures calculated using our starting
assumptions.

As cold dry air is inhaled the mucosal surfaces are
cooled and partially dried. During expiration the
temperature of the initial portion of the expirate,
the dead-space gas, is well below body temperature
and less than fully saturated. The next portion of the
expirate, leaving the alveoli is fully saturated and at
body temperature. It warms and wets the mucosal
surfaces of the upper airways but is itself cooled and
loses water to the airways surface. The final portion
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of the expirate may or may not be expired at body
temperature, fully saturated, depending on the
inspired gas conditions and respiratory factors. In
either case the total, mixed expirate will be well
below body temperature and not fully saturated.

Ferrus et al. (1984) have studied a number of
factors which affect the temperature and water sat-
uration of mixed expired gas. These include:

● Temperature of inspired air
● Partial pressure of inspired water
● Respiratory frequency
● Tidal volume
● Density of inspired gas

They found that the mass of water per liter of
expired gas was affected by all the above, although
tidal volume and gas density have only a small
effect. They proposed an equation linking them
which allows a calculation of how much respira-
tory loss is saved by this mechanism under a variety
of conditions. The lower the inspired temperature
and the higher the respiratory frequency (and ven-
tilation) the greater the saving in respiratory water
loss. Thus if we consider the extreme case (above)
of the climber above 8000 m with a calculated res-
piratory water loss of almost 3 L, and apply the
Ferrus equation, we find the loss reduced to just
under a liter, a saving of 65%. For full details of
such calculations and their effect of respiratory
water loss see Milledge (1992).

In conclusion, water loss in the expired gas is
not great. Under extreme conditions of exercise at
extreme altitude, when minute ventilation is very
high and when water loss is greatest, the conserva-
tion of water has its greatest effect. This is due to
the expirate being at a lower than body tempera-
ture and less than fully saturated. Even assuming
an average ventilation of 40 L min�1 for 24 h in dry
air at minus 15°C, the respiratory water loss is cal-
culated to be less than one liter suggesting that
water loss due to sweating is more important than
respiratory loss.

14.8 DIET FOR HIGH ALTITUDE

Views on diets (not only at altitude) are strongly
held, often the strength of opinion being inversely
related to the strength of scientific evidence.

14.8.1 High carbohydrate diet

There is sometimes a preference amongst climbers
for a high carbohydrate, low fat diet at altitude and
there are good physiological reasons for this. Figure
14.5 shows the basis for advising a high carbohy-
drate diet, which moves the respiratory quotient
(RQ) from 0.7, if one uses fat exclusively for energy,
to 1.0 when carbohydrate (or protein) is used.

The result of such a change of RQ is that for any
given PA,CO2 the PA,O2 is increased. In the case
illustrated in Fig. 14.5, the subject is considered to
be at 5800 m in the Himalayas or Andes when the
barometric pressure is half that at sea level and 
the PI,O2 is 70 mmHg. PA,CO2 is assumed to be
23 mmHg. With an RQ of 0.7 the PA,O2 would 
be 37.2 mmHg, whereas with an RQ of 1.0 it would
be 47 mmHg; this is an important gain in arterial
oxygen saturation. This represents the extreme case
of a switch from pure fat to pure carbohydrate uti-
lization, but even a partial switch in this direction
would be helpful to the climber at extreme altitudes.

Consolazio et al. (1969) compared a normal
with a high carbohydrate diet in two groups of sub-
jects at 4300 m. The performance of the group on a
high carbohydrate diet was superior in that they
had a greater endurance for heavy work, though
VO2,max was not significantly better. Also, the
symptoms of AMS were less in the high carbohy-
drate group.
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Figure 14.5 Oxygen–carbon dioxide diagram showing
the effect of the respiratory quotient (RQ) on alveolar PO2

at a given PA,O2. By changing from an RQ of 0.7 (the RQ
when utilizing fat) to 1.0 (the RQ when using carbohydrate)
the PA,O2 is increased from 37.2 to 47.0 mmHg.



Another reason for recommending a high carbo-
hydrate diet is that it has been suggested that the
body becomes more dependent upon glucose as a
fuel at altitude after acclimatization (Brooks et al.
1991, Roberts et al. 1996). Lundby and van Hall
(2002) in a more recent study addressed this ques-
tion in subjects acutely exposed to an altitude of
4100 m and after 4 weeks’ acclimatization to this alti-
tude. When the same absolute rates of exercise were
compared there was a shift towards more glucose
and less free fatty acid use but this change disap-
peared when the same relative work rates were com-
pared. It could be argued that, in practice, climbers
at altitude are often exercising at higher relative rates
than they would adopt at sea level, though lower
than the same absolute work rate. Hence they would
be shifting to more glucose utilization.

However, Reynolds et al. (1998) in a study on
Everest found that subjects did not shift their food
selections from high fat towards high carbohydrate
items as they ascended from Base Camp to camps
higher up the mountain though they may have
already changed their diet to a higher carbohydrate
one before the study began at Everest Base Camp.

14.8.2 Low fat diet

Many climbers find fatty foods become distasteful at
altitude, in contrast to the preference shown by Arctic
and Antarctic travelers. Tilman, who was experienced
in both Arctic and mountain travel, writes:

If you do succeed in getting outside a richly
concentrated food like pemmican a great
effort of will is required to keep it down –
absolute quiescence in a prone position and a
little sugar are useful aids. Eating a large mug
of pemmican soup at 27,200 feet as Peter Lloyd
and I did in ’38 is, I think, an unparalleled feat
and shows what can be done by dogged greed

(Tilman 1975).

There are good physiological reasons for a low fat
diet at altitude: the effect of fat as an energy source
on the RQ (as discussed above) and the possible
effect of fat malabsorption on the absorption of sug-
ars and amino acids. This fat intolerance is unfortu-
nate because fat provides more calories weight for
weight than carbohydrate or proteins.

In conclusion: the main problem of nutrition at
high altitude is the deficit in energy intake due to loss
of appetite. Any diet that helps climbers take in more
calories is beneficial and should be encouraged.

14.8.3 Other dietary constituents

IRON

Since the red cell mass is increased at altitude it has
been suggested that extra iron should be taken.
Unless there is pre-existing iron deficiency the iron
stores of the body and the iron content of a normal
diet will be adequate. However, in pre-menopausal
women there may be a degree of deficient iron
stores and the addition of iron may be indicated
(Richalet et al. 1994). A rapid response to hypoxia is
an increase in intestinal iron absorption from the
gut before any change in plasma iron turnover, at
least in rats and mice (Hathorn 1971, Raja et al.
1986). Thus the iron stores of the body are replen-
ished even before they begin to be depleted.

VITAMINS

It is common for expedition and trekking parties to
take added vitamins, but although such dietary sup-
plements probably do no harm, there is no evidence
that they are needed provided that a normal, bal-
anced diet is taken.

14.8.4 Fresh food, flavor and variety

The appetite becomes jaded at high altitude and the
most common complaints on expeditions are
about the drab sameness of the flavor of preserved
foods. More experienced climbers tend to adopt a
policy of eating local fresh foods, supplemented by
the minimum of imported preserved foods. The
sense of taste seems to be dulled at altitude, and
Western food tastes insipid. The addition of strong
flavors such as curries and herbs is increasingly
appreciated. There is great individual variation in
likes and dislikes, even more than at sea level. The
wise quartermaster of an expedition will attempt to
meet this by providing as wide a variety of foods
and flavors as possible. However, the task is unenvi-
able since, whatever the quartermaster provides,
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fellow expedition members will yearn for what is
unavailable.

14.9 NUTRITION AND METABOLISM IN
HIGH ALTITUDE RESIDENTS

Little work has been done on nutrition in peoples
native to high altitude. There is the impression that
Sherpas do better than lowland climbers with respect
to weight loss, and Boyer and Blume (1984), as
mentioned in section 14.3.2, documented this.
There are caretakers who live at the Aucanquilcha
mine in Chile (5950 m) for 1–2 years. Presumably
they do not lose weight in the relentless way we did

in the Silver Hut (5800 m), though it must be added
that only a subset of miners is able to stay at this alti-
tude indefinitely (West 1998, p. 227).

Holden et al. (1995) studied the cardiac metabo-
lism of Quecha (Andean natives) and found they
relied on glucose as a fuel to a greater extent than
lowlanders. Hochachka et al. (1996) studied the
metabolism of Sherpas under normoxic and hypoxic
conditions. They too found that, compared to low-
landers, the Sherpas made greater use of carbohy-
drate substrates for cardiac function and less use of
free fatty acids. This metabolic organization is
advantageous in hypoxic conditions because the
ATP yield per molecule of oxygen is 25–60% greater
with glucose than with free fatty acids.
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SUMMARY

The chronic hypoxia of altitude has an effect on
many endocrine systems. Among those most stud-
ied are hormones that affect the salt and water bal-
ance of the body and are involved in cardiovascular
function. Exercise affects many hormonal systems
and is an important activity at altitude; both alti-
tude and exercise, therefore, need to be considered.
The possible role of certain hormones in the mech-
anism of acute mountain sickness (AMS) has to be
addressed by comparing levels in subjects with and
without AMS.

Levels of antidiuretic hormone (ADH) are not
affected by altitude or exercise. Previously it seemed
that AMS was not associated with changes in ADH
except in cases with severe nausea when levels are
elevated. However, a recent study suggests that in
AMS-resistant subjects there is a reduction in ADH
levels within an hour of exposure leading to a water
diuresis whilst AMS-susceptible subjects have a rise
in ADH and water retention. After full acclimatiza-
tion and at more extreme altitudes there is high
osmolality with inappropriately low levels of ADH.

The change in response of ADH to osmolality with
altitude acclimatization appears to be both in the
slope and intercept of the response line.

The rennin–angiotensin–aldosterone system is
activated by exercise and, in the case of the long con-
tinued exercise involved in mountaineering, can
produce sodium and some water retention. Altitude
in the absence of exercise results in lower levels of
aldosterone, but exercise involved with ascent to
altitude results in raised levels of aldosterone.

On first arrival at altitude, corticosteroids are ele-
vated by ACTH then decline to baseline levels over
5–7 days. Even in subjects who had spent some
weeks above 6000 m, corticosteroid levels were nor-
mal, but one report of subjects who spent months at
this altitude did show high levels.

The sympathoadrenal system is stimulated dur-
ing the first few days at altitude with high levels of
urinary catecholamines. These decline with acclima-
tization in line with the changes in resting heart rate.

Thyroid function is enhanced in humans at 
altitude, unlike in animals in which it is depressed
by hypoxia. Because of this and the increased sym-
pathetic activity, basal metabolic rate (BMR) is



increased on going to altitude and remains ele-
vated after acclimatization.

Insulin sensitivity is reduced on first arrival at
altitude but with acclimatization insulin sensitivity
becomes enhanced.

Plasma endothelin levels are raised by hypoxia in
line with the raised pulmonary artery pressure and
are high in high altitude pulmonary edema (HAPE)
patients and subjects susceptible to HAPE.

Glucagon, growth hormone, bradykinin and the
sex hormones are little affected by hypoxia except
that the exercise response to growth hormone is
enhanced and sex hormones tend to be decreased.

Renal function is remarkably little affected by alti-
tude. At extreme altitude, above 6500 m, renal com-
pensation for further respiratory alkalosis seems to be
incomplete. There is an increase in microproteinuria,
especially on first going to altitude, which is greater
in subjects with AMS.

15.1 INTRODUCTION

Endocrinology comprises many systems controlling
a great variety of bodily functions and the effect of
altitude has been studied on only a fraction of these.
The areas studied reflect the interests of scientists
going to altitude. Thus hormones that play a part in
fluid and electrolyte balance have been widely stud-
ied because of their possible relevance to AMS and
its complications, as have thyroid hormones because
of their effect on metabolic rate. Another factor in
the selection of systems for study has, of course,
been the availability and ease of relevant assays. This
chapter surveys the principal systems studied to date
but clearly there are great areas of endocrinology in
which the effects of acute and chronic hypoxia have
yet to be explored.

The study of endocrinology at altitude is per-
fectly feasible, but attention to details of sampling,
such as time of day, subject’s posture, diet and
exercise is required, as it is in studies at sea level.
Practical aspects of collection and storage of sam-
ples are discussed in Chapter 30.

15.2 ANTIDIURETIC HORMONE

There is considerable evidence that ascent to altitude
is associated with changes in body fluid compart-
ments both in those with AMS and in asymptomatic

subjects. Not surprisingly, therefore, investigators
have studied the role of antidiuretic hormone (ADH)
(arginine vasopressin) in both the normal (healthy)
response to hypoxia and AMS. Reports on the effect
of hypoxia on ADH have given conflicting results.

15.2.1 Exercise and ADH

Williams et al. (1979) studied exercise in the absence
of hypoxia. They studied the effect of daylong hill
walking over 7 consecutive days and found no alter-
ation in ADH concentration, despite the fact that
their subjects developed peripheral (exercise) edema
associated with sodium retention (section 15.3.3).

15.2.2 Acute hypoxia and ADH

Forsling and Milledge (1977) found that breathing
10–10.5% oxygen for 4 h had no effect on ADH
levels in samples taken at intervals of from 3 min to
4 h of hypoxia. In a chamber experiment, where sub-
jects were taken to an equivalent altitude of 4000 m
for 14 h, there was no significant change in ADH
plasma concentration until subjects began to feel
nauseated, when levels rose markedly (Forsling and
Milledge 1980). Claybaugh et al. (1982) took sub-
jects to various equivalent altitudes in a chamber and
found an initial increase of urinary ADH at 8–12 h
of hypoxia with subsequent return to sea level val-
ues. In two subjects with AMS there was a rise in
urinary excretion of ADH at 2–4 h of hypoxia. De
Angelis et al. (1996) studied 26 young pilots in a
chamber at an altitude of 5000 m equivalent for 3 h.
They found a significant increase in ADH as a result
of this quite severe hypoxic stress. Loeppky et al.
(2005) studied a group of subjects in a chamber
with, on one occasion, normobaric hypoxia and 
on another, hypobaric hypoxia for 12 h. The latter
resulted in more AMS and significant rise in ADH
whilst the former produced little AMS and a non-
significant fall in ADH. It would seem, therefore,
that acute hypoxia alone has very little effect but
nausea due to AMS is associated with a rise in ADH,
analogous to that seen in motion sickness (Eversman
et al. 1978).

Bocqueraz et al. (2004), in a chamber study of
cyclists at an altitude equivalent of approx. 4200 m,
found no change in ADH during 60 min of exercise
at 50 and 75% of VO2,max.
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15.2.3 Chronic hypoxia and ADH

Studies conducted in the field include one by Singh
et al. (1974), who measured a number of hormones
in a group of subjects who had a history of HAPE.
In those who remained free of symptoms on going
to altitude, there was no change in ADH concentra-
tion. In subjects who became sick there was a ten-
dency to higher levels but this was mainly seen after
a few days at altitude and was not statistically signif-
icant. Harber et al. (1981) found no significant
change in urinary ADH concentration on going to
altitudes up to 5400 m; nor was there any relation-
ship with AMS. Even in a fatal case of high altitude
cerebral edema there was no significant rise in ADH.
Cosby et al. (1988) found higher levels of ADH in
five skiers with HAPE compared with controls at the
same altitude, but the difference did not reach statis-
tical significance. Ramirez et al. (1992) found no
change in ADH with altitude.

Hackett et al. (1978) found normal levels in
trekkers at 4300 m, including those with and with-
out symptoms of AMS; the only exceptions were
higher concentrations in two cases of HAPE.

The conclusion from this work would seem to be
that hypoxia per se has no significant effect on ADH
concentration. High values may be associated with
AMS but not all cases have high values (Claybaugh
et al. 1982). Where high concentrations are found
they may be an effect of AMS rather than its cause.

However, a recent large chamber study produced
evidence that the ADH response to hypoxia may be
important in the mechanism of AMS (Loeppky 
et al. 2005). These workers studied 51 subjects in a
chamber at 4880 m equivalent altitude for 8–12 h
and then compared the 16 subjects most affected
and 16 least affected by AMS. The non-AMS sub-
jects showed a drop in ADH at 1 h whereas the AMS
group showed a small rise. Thereafter both groups
showed a rise, the non-AMS back to baseline and
the AMS to almost double baseline values. Free
water clearance showed reciprocal changes. The
diuresis in the non-AMS group was clearly shown
and it was a water diuresis, the sodium excretion
being unchanged as were levels of atrial natriuretic
peptide and aldosterone. Thus the diuresis was
ADH driven (a reduction in ADH level) and, by the
end of the altitude exposure, resulted in a cumulative
free water balance of 955 mL in the AMS group and
534 mL in the non-AMS. The water balance results

were even more distinct. The AMS group had a posi-
tive balance of 1197 mL whilst the non-AMS had a
negative balance of 724 mL, a difference of almost 
2 L (p � 0.002). This suggests that the early diuresis
which is ADH driven is crucial in the physiological
response to hypoxia and the resistance to AMS.

This early water diuresis was also found by
Hildebrandt et al. (2000) in a 90 min chamber
experiment where the effect of hypoxia (12% O2)
was studied with either iso- or poikilocapnia. It was
found with both forms of hypoxia, and was not
related to the hypoxic ventilatory response. Swenson
et al. (1995) had earlier shown that the later sodium
diuresis was correlated with HVR.

15.2.4 Alterations in ADH secretion at
altitude

Blume et al. (1984) presented evidence of inappro-
priately low secretion of ADH at altitude. They
studied 13 subjects after some weeks at 5400 m and
6300 m on Everest during the American Medical
Research Expedition to Everest (AMREE) in 1981
and found ADH concentration unchanged from
sea level despite a significant increase in plasma
osmolality with increasing altitude. At 6300 m the
serum osmolality was 302 mosm kg�1 compared
with 290 mosm kg�1 at sea level (normal value
280–295 mosm kg�1). An overnight dehydration
test at sea level which might produce this degree of
hyperosmolality would result in ADH concentra-
tions of about 7 µUmL�1, whereas subjects on
Everest had a mean value of only 0.9 	U mL�1; 12-h
urinary ADH showed the same lack of response.
Sodium, potassium, calcium and phosphate concen-
trations were all modestly increased compared with
sea level values. A study by Ramirez et al. (1992) con-
firmed these observations. They increased osmolal-
ity by intravenous sodium, loading a group of
subjects at sea level and at altitude (3000 m). At sea
level there was the expected rise in ADH but at alti-
tude there was no significant rise. Thus, at altitude,
there seems to be a failure of the osmoregulatory
mechanism. This is the converse of the clinical 
syndrome of inappropriate ADH secretion often
associated with small cell carcinoma of the lung
(Bayliss 1987). In such cases serum sodium con-
centration and osmolality are low but ADH secre-
tion is inappropriately high. A later study (Ramirez
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et al. 1998) found evidence of reduced sensitivity
of the kidney to ADH in acclimatized individuals
and that infusion of exogenous ADH caused an
increase of urinary arginine vasopressin (AVP)
sensitive water channel (aquaporin-2).

A recent study by Maresh et al. (2004) explored
the response in ADH secretion to a water depriva-
tion test at sea level, on acute altitude exposure 
(2 days) and more chronic exposure (20 days) on
Pikes Peak (4300 m). Like other studies they found
higher plasma osmolality at altitude but no change
in baseline levels of ADH. With water deprivation
the rise in ADH was greater at altitude and more so
on day 20 than at day 2 of their altitude stay and
the osmolality threshold which stimulated ADH
release appeared to rise. This is shown in Fig 15.1.

An 8-day study by Bestle et al. (2002) at the
Capanna Margherita (4559 m) using a hypertonic
saline loading test found the AVP response
unchanged from sea level though they too found
the set point of plasma osmolality to AVP level 
elevated at altitude.

15.3 RENIN–ANGIOTENSIN–
ALDOSTERONE SYSTEM

This system is depicted in Fig. 15.2. Renin is released
in response to a number of stimuli, including 
posture, exercise and, possibly, hypoxia. The mech-
anism common to these stimuli is sympathetic

activation, and both circulating catecholamine and
direct sympathetic nervous stimulation result in
release of renin from the juxtaglomerular appara-
tus of the kidney.

Renin has no biological activity but acts on its cir-
culating substrate (angiotensinogen), cleaving it to
produce the octapeptide angiotensin I, which is also
devoid of activity. Angiotensin converting enzyme
(ACE), found on the luminal surface of endothelial
cells, converts angiotensin I to angiotensin II by
cleaving the final two amino acids. The principal site
of conversion is in the rich capillary network of the
lung where nearly 90% of angiotensin I is converted
to angiotensin II in a single passage. Angiotensin II is
a powerful vasopressor and also acts on the cells of
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Figure 15.2 Renin–angiotensin–aldosterone system.
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enzymes hydrolyzing angiotensinogen and angiotensin 
I to angiotensin II. The latter stimulates release of
aldosterone from adrenocortical cells by a receptor
mechanism.



the adrenal cortex via a receptor mechanism to
release aldosterone. Aldosterone acts on the renal
tubules, promoting the reabsorption of sodium. In
this way the system is important in the salt and water
economy of the body, which is why it has been quite
intensively studied at altitude.

15.3.1 Aldosterone and altitude

Indirect evidence of the effect of altitude on aldos-
terone activity was first provided by Williams (1961),
who brought back samples of saliva from the Karako-
ram. The ratio of sodium to potassium in these sam-
ples indicated suppression of aldosterone at altitude.
This has been confirmed by direct measurements of
either plasma aldosterone concentration or urinary
metabolites (Tuffley et al. 1970, Hogan et al. 1973,
Frayser et al. 1975, Pines et al. 1977, Sutton et al. 1977,
Keynes et al. 1982, Ramirez et al. 1992, Antezana 
et al. 1995, Zaccaria et al. 1998). In one study the
secretion rate was shown to be reduced (Slater et al.
1969). Milledge et al. (1983a) studied the time
course of the effect of altitude over a 6-week stay at
or above 4500 m. After initial suppression, aldos-
terone concentration rose to control values after
12–20 days. All these studies were made on resting
subjects. In subjects who had been above 6000 m for
more than 10 weeks and had expanded fluid com-
partments (blood volume 85% above normal) the
aldosterone concentration was twice normal (Anand
et al. 1993). These subjects were probably in incipi-
ent right heart failure due to high altitude pul-
monary hypertension previously known as subacute
mountain sickness (Chapter 21).

15.3.2 Renin activity and altitude

The effect of altitude on plasma renin activity (PRA)
has been studied by a number of groups with con-
flicting results. Some have found a rise (Slater et al.
1969, Tuffley et al. 1970, Frayser et al. 1975) and oth-
ers a fall (Hogan et al. 1973, Maher et al. 1975a,
Keynes et al. 1982, Antezana et al. 1995, Zaccaria 
et al. 1998) and one group no change (Sutton et al.
1977). However, most studies have shown a reduced
response of aldosterone to renin. This is obvious
where PRA has increased and aldosterone has

decreased but even where both have declined, the
reduction in aldosterone has usually been greater.

It is not clear why these different studies pro-
duced different results. One possibility is that sub-
jects, though sampled at rest, may have been more
active in some studies, resulting in a rise in PRA.
However, this is unlikely in view of the fact that one
study showing a rise in PRA was conducted in a
chamber (Tuffley et al. 1970) and in another, samples
were taken before getting up in the morning after
subjects had been flown to altitude in a helicopter
(Slater et al. 1969). The main stimulus to renin release
is thought to be sympathetic drive and this certainly
occurs with exercise but is probably also induced by
altitude hypoxia alone if sufficiently severe (section
15.4), although with great individual variation.

15.3.3 Exercise and the renin–
aldosterone system

Since exercise frequently accompanies ascent to alti-
tude, the effect of exercise needs to be considered in
relation to the effect of altitude. Exercise stimulates
renin release via activation of the sympathetoadrenal
system. The effect can be blocked by beta-blockers
(Bonelli et al. 1977, Bouissou et al. 1989). After
intense short-term exercise (3 � 300 m sprints in
10 min), PRA, angiotensin II and aldosterone con-
centration were elevated at 30 min but measurable
elevation was still present up to 6 h later (Kosunen
and Pakarinen 1976). The rise in PRA is also propor-
tional to the intensity of the work, both at sea level
and at altitude (Maher et al. 1975a).

Mountaineers are more concerned with daylong
exercise, often continuing for a number of days.
Williams et al. (1979) showed that this form of exer-
cise resulted in marked sodium retention after 7 days
and suggested that this was due to activation of
the rennin–aldosterone system. There was a mean
cumulative retention of 358 mmol of sodium with a
modest retention of 650 mL of water. Since plasma
sodium concentration did not change significantly
it was argued that the extracellular space must have
been expanded by 2.68 L (of which 0.68 L was in the
plasma volume), mainly at the expense of the intra-
cellular volume. These calculated changes are shown
in Fig. 15.3. This increase in extracellular fluid
(ECF) is the probable cause of the dependent edema
frequently found after exercise of this sort.
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The same group (Milledge et al. 1982) studied
the effect of 5 consecutive days’ hill walking on the
rennin–aldosterone system and on sodium and
water balance, and confirmed the suggestion, from
the previous study, that the sodium retention was
associated with activation of the rennin–aldosterone
system. There was elevation of PRA and aldosterone
at the conclusion of each day’s exercise. This was
maximal on day 2 or 3 and less marked on days 4
and 5, perhaps reflecting a training effect. Values
were back to control on day 2 after stopping exercise.
The effect of exercise and altitude was studied by
repeating the same protocol but on the first exercise
day subjects climbed to 3100 m and stayed there for
5 days, exercising for 8 h each day. The results were
very similar to sea level results in terms of changes in
fluid and sodium balance and hematocrit. Renin
and aldosterone also increased, but the aldosterone
response to the renin rise was blunted (see section
15.3.5; Milledge et al. 1983d).

15.3.4 Control of aldosterone release

The control of aldosterone release via renin and
angiotensin has been mentioned above and is shown
in Fig. 15.2, but ACTH and the sodium status of the

subject also control aldosterone concentration. Salt
depletion increases aldosterone release whereas 
salt loading inhibits it. Anderson et al. (1986)
have shown that atrial natriuretic peptide (ANP) 
infusion inhibits the response of aldosterone to
angiotensin II.

15.3.5 Effect of altitude on the
aldosterone response to renin

Milledge and Catley (1982) showed that, if after 1 h
of exercise the inspired oxygen was reduced, renin
activity increased while aldosterone levels decreased,
indicating that the aldosterone response to renin
became blunted. In the chronic situation of hill
walking or climbing at altitude compared with sea
level the same phenomenon is seen. This is shown
in Fig. 15.4, which shows data from three studies,
at sea level, at 3100 m and on Mount Everest. This
blunting has been confirmed by Shigeoka et al.
(1985), who found the response completely abol-
ished by hypoxia, by Lawrence et al. (1990), and, in
acute hypoxia, by De Angelis et al. (1996). Antezana
et al. (1995) also found the response in lowlanders
to be blunted in La Paz (3600 m). Andean high-
landers with polycythemia showed a reduced
response but highlanders without polycythemia
had a normal response at this altitude.
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Figure 15.3 Calculated changes in body fluid
compartments with exercise at sea level. (From Williams
et al. 1979.)

Figure 15.4 Plasma aldosterone concentration (PAC)
response to plasma renin activity (PRA) from a sea level
(SL) study and from two separate altitude studies. (From
Milledge et al. 1983b.)



The cause of this blunting is not entirely clear. It
had been suggested that ACE activity was reduced by
hypoxia, but most workers have found this not to be
the case (Milledge and Catley 1987, Bouissou et al.
1988). However, Vonmoos et al. (1990) have found
that, although angiotensin I levels were unchanged
with acute hypoxia, levels of angiotensin II were
reduced. The next stage in the promotion of aldo-
sterone release is adrenal stimulation by angiotensin
II. Colice and Ramirez (1986) studied the effect of
angiotensin II infusion on aldosterone release and
found that hypoxia had no effect, suggesting that it
did not result in an increase of inhibitors of this part
of the system. However, Raff and Kohandarvish
(1990) found evidence that adrenocortical cells in
vitro were less responsive to angiotensin II under
hypoxic conditions. More recently, Raff et al. (1996)
have shown that chronic hypoxia in rats (10% oxy-
gen for 3 days) results in a decrease in expression of
the steroidogenic enzyme P-450c11AS in adrenocor-
tical cells. This enzyme is unique to the aldosterone
pathway. However, with less severe hypoxia, 12%
oxygen for 3 days, there was no effect.

Aldosterone secretion is stimulated by ACTH as
well as by angiotensin II. Ramirez et al. (1988)
found this effect to be reduced in subjects at altitude
whereas the ACTH-induced secretion of cortisol was
unaffected. ANP has been found to inhibit aldos-
terone release (Elliott and Goodfriend 1986). It is
therefore possible that the rise in ANP on going to
altitude (section 15.4.4) may be a factor in blunting
this response at rest (Lawrence et al. 1990) and on
exercise (Lawrence and Shenker 1991).

15.4 ALTITUDE AND ATRIAL 
NATRIURETIC PEPTIDE

15.4.1 ANP release and actions

ANP is secreted by the atria of the heart in response
to stretching. Atrial stretch is usually caused by an
increase in atrial pressure. However, in the case of
cardiac tamponade the pressure is high but the atrial
wall is not stretched. As the tamponade is relieved
the pressure falls and the atrium dilates. It has been
found that relief of tamponade results in a rise in
ANP plasma levels, indicating that stretch rather
than pressure is the stimulus for ANP synthesis and
release (Au et al. 1990).

Amongst its actions, ANP has the effect of
increasing sodium excretion by the kidneys and thus
of promoting a natriuresis and diuresis (Morice 
et al. 1988). This provides a homeostatic mechanism
for salt and water. If the plasma volume is increased,
the raised atrial pressure results in atrial stretch and
secretion of ANP, diuresis follows and vascular pres-
sures and volume return to normal. This system is
further considered in relation to the regulation of
plasma volume in section 8.2.2. ANP possibly also
has a role as a vasodilator, countering the pressor
effect of hypoxia on the pulmonary artery. It has
been shown to have this effect in a dose-dependent
manner in the isolated rat lung (Stewart et al. 1991b)
and in the pig (Adnot et al. 1988). Liu et al. (1989)
infused ANP (20 mg min�1 for 10 min) into four
patients with HAPE and showed a reduction in pul-
monary artery pressure for 1 h after the infusion.

15.4.2 ANP and hypoxia

Since the first edition of this book almost 20 years
ago, there have been numerous reports of the effect
of hypoxia on the plasma levels of ANP at rest and
on exercise. Ten minutes of severe hypoxia on iso-
lated rat and rabbit heart with constant flow perfu-
sion caused a four-fold increase in ANP released
(Baertschi et al. 1986). The same group found
increases in ANP blood levels in the whole animal
made hypoxic under anaesthesia. There was great
variability in the response, which correlated with the
baseline central venous pressure, but not with any
other measured variables. Winter et al. (1989) also
found ANP levels to be increased by hypoxia in the
rat after 24 h but not after only 2 h. In patients with
chronic hypoxic lung disease, levels of ANP were
elevated and varied inversely with the Pa,O2 (Winter
et al. 1987b).

In healthy volunteers Kawashima et al. (1989)
studied the effect of 10 min of hypoxia at two levels:
15% oxygen breathing produced no change, but
10% oxygen breathing increased ANP levels by 15%
accompanied by an increase in pulmonary artery
pressure. Vonmoos et al. (1990) found that 60 min
of 12% oxygen breathing produced a small but sig-
nificant elevation of ANP. Lawrence et al. (1990)
found that the same hypoxic stimulus produced a
50% increase in ANP levels in subjects on a low salt
diet and whose endogenous cortisol was suppressed
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with dexamethasone. Conversely, Ramirez et al.
(1992) did not find a significant rise in ANP levels
with either acute (60 min) or chronic hypoxia at
3000 m, although the ANP response to a sodium
load was greater at altitude. Antezana et al. (1995)
found a reduction in ANP levels in lowlanders at
3600 m compared with sea level and highlanders had
significantly lower ANP than lowlanders at altitude.

15.4.3 Exercise and ANP: normoxia

Somers et al. (1986) found that a progressive exer-
cise test to maximum exercise resulted in an almost
four-fold increase in plasma ANP with a decline to
baseline after 1 h at rest. Similar results have been
found for short-term exercise by Schmidt et al.
(1990) and by Lawrence and Shenker (1991). Hill
walking exercise for 5 days also resulted in elevated
ANP levels to about twice baseline values (Milledge
et al. 1991b). It is interesting to note that during this
type of exercise, sodium is retained despite elevated
ANP levels.

15.4.4 Exercise and ANP: hypoxia

Mountaineers and trekkers going to altitude nor-
mally have the double stimulus of exercise and
hypoxia. Schmidt et al. (1990) studied exercise while
breathing air or reduced oxygen (PI,O2 92 mmHg).
With both maximal and submaximal exercise the
ANP response to exercise was reduced under hypoxic
conditions. In contrast, Lawrence and Shenker
(1991), using less severe hypoxia (16% inspired oxy-
gen) and exercise such as to give a heart rate of
70–75% of maximum for 30 min, found that hypoxia
enhanced the ANP response. A third study using a
decompression chamber to give a simulated altitude
of 3000 m and a progressive exercise test to maxi-
mum showed a reduced response (Vuolteenaho et al.
1992). The reasons for these differing results are not
apparent.

Milledge et al. (1989) reported levels of plasma
ANP in 15 subjects before and after ascent on foot
from 3100 m to 4300 m. Values tended to be higher
at altitude but were significantly so only in the 
4 a.m. sample on the second altitude day, there being
no difference on day 1 at altitude or in the 9 a.m.
sample on either day. Bärtsch et al. (1991a) found,

in blood samples taken on the morning after the
ascent to 4559 m on foot, no increase in ANP levels
in a group of nine climbers who did not have AMS.
Five subjects who did become sick had elevated
levels. These subjects had a history of HAPE and
were shown by echocardiography to have increased
atrial diameters at altitude. The increase in ANP is
probably secondary to developing high pulmonary
artery pressures. Kawashima et al. (1992) showed
that, in subjects susceptible to high altitude pul-
monary edema, breathing 10% oxygen resulted in
a greater rise in ANP levels than in controls, and
that the rise correlated with the rise in pulmonary
artery pressure.

Later in altitude exposure the effect of maximum
exercise in raising ANP levels is reduced (Robarch 
et al. 2000) but then so is maximum work rate.

15.4.5 ANP and AMS

An important motive for the study of the effect of
altitude hypoxia on ANP has been the hypothesis
that it may play a part in the genesis of AMS.
Milledge et al. (1989) did not find any correlation
between levels of ANP on the morning after arrival
at altitude and the AMS symptom score. However,
Bärtsch et al. (1988) and Cosby et al. (1988) found
subjects with AMS or HAPE to have higher levels
than subjects without AMS. If the rise in ANP in
AMS sufferers is related to high pulmonary arterial
pressure, elevation would be expected mainly in
AMS with pulmonary edema and not in the milder,
non-HAPE cases. In the first-mentioned study there
was no clinical evidence of pulmonary edema.

15.4.6 ANP and chronic mountain
sickness

Antezana et al. (1995) have reported higher levels
of ANP in patients with chronic mountain sickness
(CMS) than in controls in Andean highlanders. In
this study pulmonary artery pressure was assessed
by Doppler ultrasound and found to be raised. Ge
et al. (2001) also found raised levels of ANP in
patients with CMS (Han Chinese and Tibetans).
There was a significant correlation between the
hemoglobin concentration, [Hb], and ANP.
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In conclusion, it seems that although both exer-
cise and hypoxia cause an elevation of ANP, the
combined stimulus does not result in very high lev-
els at altitude. Despite its name, ANP is not a power-
ful natriuretic hormone. Levels of ANP are elevated
in conditions where the pulmonary artery pressure
is raised, including HAPE and polycythemia, and
this rise is presumably secondary to the raised pres-
sure causing some atrial enlargement. The rise in
ANP is probably beneficial in that it tends to reduce
the pressure by its vasodilatory function.

15.5 CORTICOSTEROIDS AND ALTITUDE

On ascent to altitude, there is stimulation of the
adrenal cortex by ACTH and cortisol is secreted.
Early work documented this as a rise in 17-hydroxy-
corticosteroids (17-OHCSs) during the first few days
at altitude, which decreased to control values by
days 5–7 (MacKinnon et al. 1963, Moncloa et al.
1965). This has been confirmed by measurement
of plasma cortisol by Frayser et al. (1975) and Sutton 
et al. (1977), who showed that with the elevation 
of plasma cortisol there was a decrease in its 
normal diurnal variation on the first day of altitude
exposure. Richalet et al. (1989), in a chamber experi-
ment, also found elevation of plasma cortisol with
re-establishment of the diurnal variation after the
first altitude day. Many of the subjects of these stud-
ies, taken rapidly to an altitude of 4300–5300 m, suf-
fered from AMS, but even those free of symptoms
showed this transitory rise in cortisol or its urinary
metabolite. It is assumed that this is a nonspecific
stress response.

15.5.1 Case report

An interesting case report shows that there is a clini-
cal lesson to be learnt. A 58-year-old man, who had
had his pituitary removed 10 years earlier for an ade-
noma, went trekking in Nepal. On arrival at Menang
(3535 m) he complained of fatigue, abdominal pain,
nausea and vomiting, but no headache. He was on
regular medication with cortisone 25 mg daily and
had taken his treatment. Twenty-four h later he had
deteriorated and was unable to stand. He was treated
with dexamethasone 5 mg i.v., 5 mg i.m. and oral
rehydration, and his cortisone dose was quadrupled.

Within 24 h all symptoms had disappeared, and the
next day he successfully crossed the Thorong La
(5450 m) (Westendorp et al. 1993). Clearly, the les-
son is that subjects on corticosteroid replacement
therapy should increase their dosage on going to alti-
tude. The authors point out that this does not apply
to thyroid replacement therapy since thyroid stimu-
lating hormone (TSH) is not increased by hypoxia.

The effect of prolonged stay at more extreme alti-
tude was studied by Siri et al. (1969). They brought
back urine samples from the 1963 Everest expedi-
tion from climbers staying at 5400 m and 6500 m.
The 17-OHCS levels were not significantly different
from sea level values. They also demonstrated a nor-
mal response to injected ACTH. Mordes et al. (1983)
collected samples from subjects who had been at
5400 m and 6300 m for some weeks and found no
change from sea level values in either morning or
evening cortisol concentrations.

In animals studied after chronic hypoxia there
was some hyperplasia of the adrenal cortex and 
of the corticotrophic cells in the pituitary. No such
morphological changes have been found in humans
with long-standing chronic bronchitis (Gosney
1986). However, in subjects who had spent more
than 10 weeks above 6000 m, the cortisol level was
found to be three times normal (Anand et al. 1993).
Marinelli et al. (1994) studied athletes taking part in
a marathon race from 3860 m to 5100 m and down
to finish at 3400 m. Cortisol levels were similar at
altitude before the race but were greatly elevated at
the end.

In people resident at the moderate altitude of
2600 m in Colombia, Ramirez et al. (1995) found
an enhanced response to corticotrophin releasing
hormone, with higher levels of both ACTH and 

-endorphin after stimulation than in sea level con-
trol subjects. This was true for a number of tropic
hormones (sections 15.7.1 and 15.9.2).

15.6 SYMPATHOADRENAL SYSTEM

15.6.1 Acute hypoxia

Acute hypoxia increases heart rate at rest and on
exercise (Maher et al. 1975b). This is presumed to
be due to increased sympathetic activity stimulat-
ing the 
-adrenergic receptors on heart muscle cell
membrane. Within 4 h of arrival at altitude there is
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an increase in arterial epinephrine, at rest, due to
hypoxia stimulating release from the adrenal
medulla (Mazzeo and Reeves 2003). Bouissou et al.
(1989) also found a 32% increase in norepineph-
rine after 48 h at altitude. Levels of epinephrine reach
a peak on about days 2–4 and then decline as hypoxia
is relieved by increasing ventilation and [Hb] over
the next 7–14 days (Mazzeo and Reeves 2003). Nor-
epinephrine is released by sympathetic nerves and
about 10–20% spills over into the circulation. This is
measured as plasma norepinephrine and, in con-
trast to epinephrine, values rise only slowly, in line
with increasing ventilation, reaching a plateau after
10–14 days at altitude. Exercise results in a further
rise in epinephrine depending on the work rate and
degree of hypoxia. The two stimuli, hypoxia and exer-
cise, are additive for epinephrine. Norepinephrine
levels also rise with exercise depending upon the
work load but if work loads relative to VO2,max are
compared, the rise at altitude is similar to that seen at
sea level (Mazzeo and Reeves 2003).

15.6.2 Chronic hypoxia

Cunningham et al. (1965) reported elevated plasma
and 24-h urinary catecholamines during 17 days at
4559 m on Monte Rosa. There was no significant
change in epinephrine but the increase in norepi-
nephrine was greater on day 12 at altitude. Pace et al.
(1964) found similar results at 3850 m, with urinary
norepinephrine excretion rising slowly during 
14 days at altitude without change in urinary 
epinephrine secretion. Maher et al. (1975b) found
increased urinary catecholamines at 4300 m. Levels
were increased on day 1 compared with sea level and
further increased on day 11. On exercise, both light
and severe, the effect of chronic hypoxia compared
with acute was to increase levels still further. Hoon 
et al. (1977) found no significant change in urinary
catecholamine secretion in a total of 76 subjects who
had no symptoms of AMS. However, in 29 sympto-
matic subjects there was a small but significant rise
on the first day at altitude, which was maintained
through to day 10 at altitude. Mazzeo et al. (1991)
found that, at rest, norepinephrine and epinephrine
levels were higher at altitude than at sea level. With
submaximal exercise, norepinephrine rose to higher
values than expected at sea level, whereas epinephrine
levels did not rise, though values remained above

those at sea level. In Operation Everest II at extreme
altitude (282 mmHg) after 40 days in the chamber,
resting plasma norepinephrine was raised but epi-
nephrine was reduced. On maximum exercise, val-
ues for both catecholamines fell with increasing
altitude (Young et al. 1989).

In subjects who had spent more than 10 weeks
above 6000 m the plasma norepinephrine concen-
tration was found to be almost three times normal
(Anand et al. 1993). Gosney et al. (1991) studied
the adrenal and pituitary glands of five lifelong res-
idents of La Paz who had lived at 3600–3800 m, and
compared their glands with those of controls from
sea level. The adrenal glands were significantly big-
ger, by about 50%. The pituitary glands were not
larger but contained more corticotrophs. They sur-
mised that greater amounts of ACTH were required
to maintain adrenal function, perhaps because of
hypoxic inhibition of adrenocortical sensitivity.
However, Ramirez et al. (1988) found no such 
inhibition.

Calbet (2003) studied nine subjects during 
9 weeks’ stay at 5260 m and found an increase in
arterial blood pressure (measured directly) with
increased plasma epinephrine and norepinephrine.
He showed that blood norepinephrine spill-over
from the leg was increased compared with sea level
values. This increase in sympathetic nervous activity
was after arterial oxygen content had been restored
by the normal rise in [Hb] with time at altitude.
Hansen and Sander (2003), on the same expedition,
measured sympathetic activity directly by peroneal
microneurography after 4 weeks at altitude. They
found activity to be about three times sea-level val-
ues. They also studied the effect of oxygen breathing
and a saline infusion (to reduce baroreflex deactiva-
tion). These interventions had only minor effect on
sympathetic activity. Three days after returning to
sea level sympathetic activity was still significantly
higher than pre-expedition values as were results for
blood pressure and heart rate.

Bogaard et al. (2002) studied the effect of block-
ing either the sympathetic or parasympathetic
arms of the autonomic system in a group of sub-
jects at 3800 m on the heart rate and cardiac output
on exercise. Propranalol had the expected effect of
reducing heart rate and glycopyrrolate increased
the maximum heart rate to sea level values. But
interestingly neither medication had any effect of
maximum cardiac output, VO2,max, or work rate at
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altitude, though, of course, these values were lower
than sea level. Mazzeo et al. (2003) showed that
blocking the alpha-adrenergic system in a group of
female subjects at 4300 m resulted in increased
norepinephrine levels compared with unblocked
controls both at rest and exercise.

Women appear to have the same sympathoad-
renal response to altitude as men and there is no dif-
ference related to the menstrual cycle (Mazzeo and
Reeves 2003). However, it is worth noting that this
elevated response may be a factor in the increased
incidence of pre-eclampsia in pregnant women at
altitude.

15.6.3 Adrenergic response and
acclimatization

Acute hypoxia causes an increase in heart rate and
cardiac output. However, after several days at alti-
tude the heart rate and cardiac output fall back
towards sea level values. On exercise the maximum
heart rate is limited to well below the sea level max-
imum, being typically 140–150 beats min�1 at
5800 m compared with 180–200 beats min�1 at sea
level (Chapter 7). This reduction in maximal heart
rate and cardiac output takes place at a time when
the plasma and urinary catecholamines are higher
than at sea level.

Evidently, the heart’s response to sympathetic
stimulation becomes blunted. This has been demon-
strated by Maher et al. (1975b), who showed in dogs
that the cardio-acceleratory effect of an infusion 
of isoproterenol was reduced after 10 days’ altitude
acclimatization. Workers from the same institution
(Maher et al. 1978) found in cardiac muscle of accli-
matized goats that there was a twofold rise of the
enzyme O-methyltransferase. This enzyme inacti-
vates cardiac norepinephrine, and its induction dur-
ing acclimatization may account for the blunting of
the adrenergic response to exercise. Another possi-
bility is that there may be downregulation, that is, a
reduction in the density of adrenergic receptors on
the heart muscle. Voelkel et al. (1981) have shown
this to be the case in rats kept for 5 weeks at a simu-
lated altitude of 4250 m. These two possible mecha-
nisms are not mutually exclusive. Sherpa high
altitude residents do not suffer this heart rate limita-
tion on maximal exercise. Their heart rates can go up
to 190–198 beats min�1 at 4880 m (Lahiri et al. 1967).

15.6.4 Autonomic system response and
AMS

Duplain and colleagues (1999a) studied eight
climbers who were susceptible to HAPE measuring
their sympathetic activity directly with intraneural
electrodes and compared them to seven subjects
resistant to HAPE. Measurements were made at
low altitude breathing a hypoxic gas mixture and at
high altitude (4599 m). In both situations the HAPE
susceptible subjects had significantly higher sympa-
thetic activity than resistant subjects. This increased
activity at altitude preceded the onset of lung edema.
Also taking both groups together, there was a direct,
significant relationship between sympathetic nerve
activity and pulmonary artery pressure.

A chamber study was carried out by Loeppky 
et al. (2003) measuring autonomic responses by
heart rate variability and plasma catecholamines.
There were significantly higher levels of cate-
cholamines and higher low/higher frequency ratios
in AMS subjects indicating greater sympathetic
activity. These differences became greater with time
(over 6–12 h). They also found lower temperature in
their AMS subjects which they attributed to greater
vasodilatation despite greater sympathetic activity.

Lanfranchi et al. (2005) studied 41 mountaineers
at the Capanna Margherita (4559 m) using spectral
analysis of the R–R interval and blood pressure
variability as a measure autonomic system activity.
Seventeen subjects had AMS. Measurements were
repeated at low altitude 3 months later, breathing air
and a hypoxic gas mixture. They found evidence of
autonomic dysfunction in subjects with AMS at alti-
tude and claimed that AMS-prone subjects could be
identified as those showing marked low-frequency
component of systolic BP variability in the field.
However, the short-term, acute hypoxia test at sea
level did not show a difference between those who
were AMS prone and those who were resistant.

15.6.5 Sympathetoadrenal response:
Summary

Hypoxia has no effect on epinephrine levels in the
blood or urine but there is a modest rise in norepi-
nephrine levels. In the first few days at altitude
there is increased sympathetic and parasympa-
thetic activity. This increased sympathetic activity
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results in increased heart rate but does not affect
cardiac output. The increase in sympathetic activity
is more marked in subjects with AMS and HAPE.
The response of the heart to adrenergic stimulation
becomes blunted after a week or 10 days at altitude
and this is probably due to down regulation of recep-
tors and induction of the enzyme responsible for 
catecholamine metabolism. After prolonged altitude
exposure the enhanced sympathoadrenal activity
continues for some days after return to normoxia.

15.7 THYROID FUNCTION AND THE
ALTITUDE ENVIRONMENT

Hypothalamic–pituitary–thyroid axis function is
affected by hypoxia and possibly by cold. The effect
of cold on thyroid function is considered in Chapter
23. Iodine is essential for synthesis of thyroid hor-
mone and is deficient in the soil and water of some
mountainous regions, so that thyroid function in
residents of these regions is affected.

15.7.1 Thyroid function and hypoxia

The response of the hypophyseal–thyroid axis to
hypoxia seems to be quite different in humans com-
pared with animals. In animals, hypoxia results in
depression of thyroid function (Heath and Williams
1995, pp. 265–6). In the pituitary gland the number
of thyrotrophs – cells that secrete TSH – is reduced,
suggesting a decreased output of TSH (Gosney
1986). In humans, however, thyroid activity is
increased at altitude. Surks (1966) found elevated
levels of thyroxine binding globulin (TBG) and
free thyroxine (T4) in the first 2 weeks at altitude
(4300 m), with a peak at 9 days. Kotchen et al. (1973),
in a 3-day chamber experiment (3650 m equivalent),
found T4 elevated (free and bound) but TSH to be
unchanged, suggesting a shift of T4 from extravas-
cular to intravascular compartments rather than
increased pituitary activity. Westendorp et al. (1993)
also found no increase in TSH in response to a 1-h
acute hypoxia equivalent of 4115 m.

These results have been confirmed in a number of
field studies (Rastogi et al. 1977, Stock et al. 1978b)
which showed levels returning towards control in the
third week at altitude. Sawhney and Malhotra (1991)
studied both acclimatized lowlanders and high 

altitude natives, and found levels of triiodothyronine
(T3) and T4 to be higher than sea level residents. T4

concentration in red cells was decreased at high alti-
tude but there was no change in levels of reverse T3

(rT3), TBG, and T4 binding capacity of TBG and thy-
roxine binding prealbumin. They also found no
change in TSH. In L-eltroxine-treated men they still
found a rise in T3 and T4, suggesting the rise to be
independent of pituitary stimulation.

Exercise increases T3 and T4 to a greater extent
at altitude than at sea level (Stock et al. 1978b). At
higher altitudes of 5400 m and 6300 m, Mordes 
et al. (1983) showed elevated resting T3, free T4 and
T3 in subjects who had been at altitude for some
weeks. In these subjects TSH was also elevated, in
contrast to the finding at lower altitudes.

The basal metabolic rate is elevated during the
first 2 weeks at moderate altitude and correlates
with the free T4 (Stock et al. 1978a). At higher alti-
tudes (above 5500 m) it remains elevated for
months (Gill and Pugh 1964), as does T4 (Mordes
et al. 1983). Mordes et al. (1983) also found evidence
of impaired conversion of T4 to T3 at 6300 m.
Perhaps there is a change in the set point for the pitu-
itary negative feedback system, resulting in higher
levels of TSH. They also found that the response of
the pituitary to an injection of thyrotrophin releas-
ing hormone was enhanced at 6300 m compared
with sea level. A similar finding has been reported
by Ramirez et al. (1995) in resident highlanders at
only 2600 m.

15.7.2 Iodine deficiency, goiter and
altitude

The frequency of goiter in mountainous areas is
well known and is discussed in Chapter 17. In
England it was known as ‘Derbyshire neck’ and it
was equally well known in the Pyrenees, the Alps,
the Andes and the Himalayas, but it is not confined
to the mountains.

The association of iodine deficiency and moun-
tainous areas is mainly due to the geological factors
causing iodine deficiency in the soil and hence in
the diet but altitude hypoxia stimulates thyroid
function (section 15.7.1). Thus the effect of iodine
deficiency will result in more exaggerated hyperpla-
sia, which contributes to the extremely high rate of
goiter in resident populations at altitude in the past.
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15.8 CONTROL OF BLOOD GLUCOSE AT
ALTITUDE

15.8.1 Acute hypoxia

On acute exposure to hypoxia there is a rise in fast-
ing blood glucose of about 1.7 mmol L�1, followed
by a fall towards control values by the end of a
week. At the same time insulin levels are elevated
(Williams 1975). This is presumably part of the
nonspecific stress response indicated by the con-
current rise in plasma cortisol levels (section 15.5).

15.8.2 Chronic hypoxia

In subjects acclimatized to high altitude, fasting
blood glucose was found to be lower than at sea
level by some workers (Blume and Pace 1967, Stock
et al. 1978b, Blume 1984) but unchanged by others
(Sawhney et al. 1986). Singh et al. (1974) found a
persistently raised glucose level after 10 months at
altitude. Resting insulin levels have also been found
to be reduced (Stock et al. 1978b).

Glucose loading increases both blood glucose
and insulin levels at altitude as it does at sea level,
but the rise in both was found to be less than at sea
level in two studies (Stock et al. 1978b, Blume 1984)
but greater in one (Sawhney et al. 1986). There are a
number of explanations for this blunted response.
Glucose may be absorbed less rapidly, though this
is probably only true above about 5500 m (section
14.5). Liver glycogen synthesis may be enhanced at
altitude and some evidence for this has been found
in rats injected with labeled glucose at altitude
(Blume and Pace 1971). There may be increased
target organ sensitivity to insulin, presumably by
upregulation (increased density) of insulin recep-
tors on target cells. This is a feature of athletic train-
ing and may well happen as part of altitude
acclimatization. A recent study by Lee and colleagues
(2003) in healthy subjects found that as little as 3
days’ sedentary living at 2400 m resulted in an
improvement in the oral glucose tolerance test. That
is a faster decline of glucose levels after a similar rise
in response to glucose loading, suggesting increased
insulin sensitivity.

The effect of the action of insulin at altitude was
investigated by Larsen and colleagues (1997) using
a euglycemic clamp technique in a group of men,

at sea level and on days 2 and 7 of altitude exposure
at 4559 m. They found that insulin action decreased
markedly on day 2 but had improved somewhat by
day 7 at altitude. More recently, Braun et al. (2001)
studied a group of women at an altitude of 4300 m
over 12 days. They found the same pattern of initial
decrease in insulin sensitivity followed by enhanced
sensitivity with acclimatization. They also investi-
gated whether the reduced insulin sensitivity was
due to adrenaline secretion early in altitude expo-
sure by using an �-adrenergic antagonist. They
concluded that this was not the case. De Glisezinski
et al. (1999) studied lipolysis in subcutaneous fat
biopsies in subjects exposed to prolonged simulated
altitude exposure in a chamber (Operation Everest
III). They found that the anti-lipolytic activity of
insulin was significantly decreased.

K. Moore et al. (2001) in a group of trekkers
attempting Kilimanjaro (5895 m) found that insulin
requirements reduced from a mean of 67 to 12 units
day�1. This may have been partly due to AMS and
reduction in food intake. However, in mountaineers
with type 1 diabetes, the insulin requirements during
a climb of Cho Oyu (8201 m) increased from a mean
of 38 to 51 units day�1 (Pavan et al. 2004). Of course
insulin requirements depend upon many factors
apart from insulin sensitivity. For a discussion of
the problems faced by patients with diabetes see
Chapter 24.

Braun et al. (1998) studied the glucose response
to a standard meal in women at sea level and at
4300 m in the presence of estrogen (E) and estrogen
plus progesterone (E+P). The peak of glucose was
lower and returned to baseline more slowly at alti-
tude than at sea level although the insulin levels were
the same. The response was also lower in E than
E+P at sea level but the difference at altitude was
not significant. It would seem that at altitude the
relative concentration of ovarian hormones does
not appear to be important in glucose control.

15.9 ENDOTHELIN

15.9.1 Endothelin family

The endothelins are a family of peptides produced
by a wide variety of cells affecting mainly blood 
vessels. Endothelin-1 (ET-1), clinically the most
important member of the family, is the most potent
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vasoconstrictor yet discovered with about 100 times
the activity of norepinephrine. Other members of
the family identified are ET-2 and ET-3, which are
more localized to certain organs. All three peptides
bind to the same two receptors, A and B, though with
differing binding affinities. Synthetic inhibitors of
these receptors are now available and their use has
served to elucidate some of the actions of these pep-
tides. ET-1 is produced by the endothelium and as
much as 75% of the production is exported from
the side of the cell opposite to the vessel lumen,
where it acts on the adjacent smooth muscle with-
out contributing to the plasma pool. In this way it
perhaps should be considered as mainly a paracrine,
rather than an endocrine, hormone. However,
plasma levels probably do reflect the output of ET-1
and parallel the severity of the condition in, for
instance, congestive cardiac failure. A good clinical
review has been published by Levin (1995), and
Holm (1997) has provided a more pharmacological
review.

15.9.2 Altitude and endothelin

Horio et al. (1991) showed that ET-1 in rats
increased with increasing hypoxia. Since then there
have been a number of studies in humans at 
altitude. Cargill et al. (1995) found that 30 min of
acute hypoxia (Sa,O2 75–80%) raised plasma ET-1
levels to about 2.5 times baseline. A group of hypoxic
patients with cor pulmonale had similar levels.
Similar results were found by Ferri et al. (1995) in
patients with chronic obstructive lung disorder
(COLD). They also found that ET-1 levels correlated
with pulmonary artery pressure. Morganti et al.
(1995) studied 10 subjects on a 2-day ascent of
Monte Rosa (4559 m) and eight subjects in the
Everest region at 5050 m. They found plasma ET-1
raised progressively with increasing altitude, the
level correlating with the fall in Sa,O2. There was no
correlation with blood pressure or hematocrit.
Richalet and colleagues (1995) studied 10 subjects
on Sajama (6542 m) and found modest increases in
ET-1 at both rest and exercise. Levels were highest
after 1 week and decreased slightly after 3 weeks’
altitude exposure.

Blauw et al. (1995) studied the effect of hypoxia
and ET-1 infusion on forearm blood flow. Forearm
blood flow was not changed by hypoxia, but the

ET-1 plasma increased significantly. They conclude
that hypoxia causes release of ET-1 from the pul-
monary circulation but that this does not influence
peripheral vascular tone. Cruden et al. (1998) meas-
ured both ET-1 and big ET-1 in a group of moun-
taineers. Both were increased on ascent to altitudes
above 2500 m, indicating that the increase in ET-1
was due to increased production and not decreased
elimination. After 3 weeks at altitude, levels had
returned to baseline values. Exercise had no effect
on endothelin levels. In a separate study, they also
found increases in both ET-1 and big ET-1 with
cold exposure (Cruden et al. 1999).

15.9.3 Endothelin and HAPE

A Japanese group (Droma et al. 1996a) reported
detailed findings on a single case of HAPE with
pulmonary hypertension and found ET-1 levels
elevated on admission. The levels reverted to nor-
mal as the patient recovered and pulmonary artery
pressure fell. The same team (Droma et al. 1996b)
studied a group of HAPE-susceptible subjects. Their
subjects had a greater hypoxic vascular response than
controls but no significant change in ET-1 levels
with a hypoxic challenge. However, the hypoxia was
only of 5-min duration (10% oxygen).

Sartori et al. (1999b) studied a group of 16 moun-
taineers prone to HAPE, comparing them with a
group resistant to HAPE. At altitude (4559 m) the
HAPE prone group had endothelin-1 plasma levels
33% higher than the HAPE resistant group. There
was a significant direct relationship between changes
ET-1 levels and pulmonary artery pressure from low
to high altitude.

In conclusion, it seems likely that ET-1 plays 
a part in the mechanism of hypoxic pulmonary
vasoconstriction, at least in the pig (Holm 
1997). The augmented release of ET-1 in HAPE-
susceptible subjects suggests that it may have a role
in the mechanism of HAPE.

15.9.4 Bradykinin

The levels of bradykinin, a potent vasodilator, are
not changed by acute hypoxia (Ashack et al. 1985)
and the vasodilatory effect of bradykinin is not
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altered by high altitude in the guinea pig uterine
arteries (White et al. 2000).

15.10 ALTITUDE AND OTHER HORMONES

15.10.1 Glucagon

Fasting glucagon levels are the same at altitude and
at sea level and are slightly depressed after glucose
loading (Blume 1984).

15.10.2 Growth hormone

Levels are unchanged in most subjects but were
found to be increased fivefold in two subjects who
had lost 15 kg in body weight (Blume 1984).
Although acute hypoxia causes no change in growth
hormone levels, exercise under acute hypoxic condi-
tions causes a 20-fold increase in this hormone,
whereas normoxic exercise causes only a modest 
rise (Sutton 1977, Raynaud et al. 1981). Ramirez 
et al. (1995) studied residents at Pasto, Colombia
(2600 m), and found that response of growth hor-
mone to stimulation with growth hormone releas-
ing hormone was greatly enhanced compared with
lowland control subjects. On the other hand the 
in vitro lipolytic response to growth hormone (and
parathormone) was significantly decreased in biop-
sies of subcutaneous fat in subjects exposed to sim-
ulated altitude in a chamber (Operation Everest III)
(de Glisezinski et al. 1999).

15.10.3 Testosterone, luteinizing
hormone, follicle stimulating hormone
and prolactin

Sawhney et al. (1985) studied levels of testosterone,
luteinizing hormone (LH), follicle stimulating
hormone (FSH) and prolactin in lowland men
after ascent to 3500 m. On day 1 at altitude there
were no significant changes from sea level values,
though LH and testosterone levels were already
falling. By day 7, LH and testosterone levels were
significantly reduced and remained so to day 18; by
then prolactin levels were significantly elevated.
After 7 days at sea level all values had reverted to
control except for some residual depression in LH

levels. These results are in accord with previous
work (Guerra-Garcia 1971) which found urinary
testosterone excretion to be reduced by 50% on day
3 at 4300 m. Sawhney et al. (1985) also found a neg-
ative correlation between prolactin and testosterone
levels at altitude but no correlation with LH levels.
They suggested that the reduction in testosterone is
due to an increase in prolactin secretion rather than
to a reduction in LH or a direct effect of hypoxia on
the testes.

In a separate experiment at sea level Sawhney 
et al. (1985) showed a reduction in LH levels in
response to daily cold exposure after 1 and 5 days,
and suggested that the reduction in LH found at
altitude might be due to cold rather than hypoxia.
However, low levels of LH have been found in
hypoxia due to chronic lung disease in hospital
patients with no cold exposure (Semple 1986);
these patients also had low testosterone levels
which correlated with their Pa,O2.

Semple (1986) found normal testosterone levels
in patients who were hypoxic because of congenital
cardiac defects, presumably because of lifelong
adaptation to hypoxemia. He suggests that an
alternative mechanism may be that testosterone
depression is a response to dips in oxygen satura-
tion at night, due to sleep apnea in patients with
chronic obstructive lung disease, and a result of
periodic breathing in lowlanders at altitude. In
high altitude residents, Bangham and Hackett
(1978) found reduced levels of LH after 10 days
but no changes in levels of FSH, testosterone or
prolactin.

Testosterone is increased in exercise and Bouissou
et al. (1986) studied the effect of acute hypoxia (14%
oxygen, equivalent to 3000 m) on this response. They
found that, when the exercise was expressed as a per-
centage of maximum exercise, there was no effect of
acute hypoxia. This is also true for the acute hypoxic
effect on the exercise-induced rises of lactate, epi-
nephrine and norepinephrine.

15.11 MALE REPRODUCTIVE FUNCTION
AT ALTITUDE

The effect of altitude on male reproductive func-
tion at altitude has been little studied. Donayre et al.
(2003) found, in nine subjects, decreased sperm
count, increased abnormal forms and decreased
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motility during a 4-week stay at an altitude of
4267 m and 15 days after return to sea level. Recently,
Okumura et al. (2003) studied three members of
an expedition to the Karakoram where heights of
7100 m were reached. They did not carry out meas-
urements at altitude but extended the study to
results at 1 month, 3 months and 2 years after return
to sea level. The sperm count was reduced at 1 and
3 months and had recovered at 2 years. There was
also an increase in abnormally shaped sperm which
recovered by 3 months. In this study testosterone
was low at 1 and 3 months but had recovered by 
2 years after return from altitude.

15.12 RENAL FUNCTION AT ALTITUDE

15.12.1 General function

The kidney is remarkably resistant to altitude
hypoxia. This is not surprising since it is designed 
to suffer quite severe reductions in blood flow,
and therefore oxygen delivery, during exercise. At
5800 m, after 24-h dehydration, the kidney concen-
trates urine normally and eliminates a water load as
well as it does at sea level. It also responds to inges-
tion of bicarbonate or ammonium chloride (meta-
bolic alkalosis or acidosis) by producing appropriate
changes in pH (Ward, reported by Pugh 1962a).
Olsen et al. (1993) found a 10% reduction in effec-
tive renal plasma flow (ERPF) but normal glomeru-
lar filtration rate and sodium clearance in eight
normal subjects at 4350 m. Dopamine infusion 
had less effect on ERPF than at sea level, presumably
because of increased adrenergic activity (norepi-
nephrine was increased). The diuretic effect of
dopamine was reduced, possibly because of an alti-
tude effect on distal tubular function. High altitude
residents at 4300 m showed no evidence of deficient
renal oxygenation (Rennie et al. 1971a).

However (as discussed in section 9.4.5), at
extreme altitude (above 6500 m) the renal compen-
sation for respiratory alkalosis is slow and incom-
plete; that is, the blood bicarbonate is very little
further reduced and the blood pH becomes very
alkaline as the PCO2 is reduced by extreme hyper-
ventilation. Whether this represents a degree of
renal failure is debatable, since it results in a shift of
the oxygen dissociation curve to the left (because 
of the alkaline pH), which is beneficial for oxygen

transport at extreme altitude (section 9.3.6). A
study by Hackett et al. (1985) showed that, in accli-
matized subjects at 6300 m acetazolamide still
resulted in the excretion of bicarbonate producing
further base deficit. Exercise performance was not
increased and, indeed, in two out of four subjects it
was decreased.

There is also fluid volume depletion at altitude
and it is known that the kidney gives a higher prior-
ity to correcting dehydration than acid–base distur-
bances. In order to excrete more bicarbonate to
reduce the base excess, it would be necessary to lose
corresponding cations, which would aggravate the
volume depletion. This may be the basis for the slow
renal bicarbonate excretion at extreme altitude.

15.12.2 Proteinuria at altitude

Rennie and Joseph (1970) showed that proteinuria
became apparent on ascent to altitude. Values rose
from 290 to 578 mg mmol�1 as their subjects
climbed to 5800 m in 12 days. There was a time lag
of 1–3 days between peak altitude and peak pro-
teinuria. Figure 15.5 shows that there is a good cor-
relation between the degree of proteinuria and
altitude, provided allowance is made for a 24-h
time lag between ascent and its effect on the kidney.

In another study, Rennie et al. (1972) found no
effect of acclimatization on proteinuria but Pines
(1978) found less proteinuria on repeat ascents to
the same altitude, and also that subjects with AMS
had the greatest proteinuria. High altitude residents
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excrete more protein in the urine than subjects of
the same race at sea level (Rennie et al. 1971b).

Patients with cyanotic heart disease who are
chronically hypoxic from birth also have increased
proteinuria, the severity being directly related to
the degree of polycythemia (and hypoxia) (Rennie
1973); it is also found in patients with chronic
obstructive lung disease (Wilkinson et al. 1993).

Bradwell and Delamere (1982) studied the effect
of acetazolamide on altitude proteinuria as part of a
double blind trial of the drug as a prophylactic for
AMS. They found that, at 5000 m, albuminuria was
six times greater in subjects on placebo tablets than
in those on acetazolamide. They found an inverse
correlation between Pa,O2 and percentage 
increase in urine albumin. The eight subjects on 
acetazolamide were of course less hypoxic, with
Pa,O2 � 42 mmHg, than nine subjects on placebo

with Pa,O2 � 42 mmHg. The authors suggest that
the effect of acetazolamide on albuminuria was
due to this reduction in hypoxia. The mechanism
for altitude proteinuria may be either a reduction
in tubular reabsorption of protein or increased
glomerular permeability to protein, or both.

A recent study from La Paz, Bolivia, in patients
with chronic mountain sickness (CMS) also found
significant proteinuria which was improved on treat-
ment with an ACE inhibitor. Twenty-four hour pro-
tein excretion fell from 359 to 248 mg. The Hct fell as
well from 63.5 to 56.8% (Plata et al. 2002). Another
recent study from the Andes (Jefferson et al. 2002)
also found significant proteinuria in CMS patients.
There were high levels of urate (and a high incidence
of gout) as well, which they attribute mainly to high
levels of generation of uric acid, although a relative
impairment of renal excretion might also contribute.
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SUMMARY

The central nervous system is exquisitely sensitive to
hypoxia, so it is not surprising that impairment of
neuropsychological function occurs at high altitude.
Brain oxygenation is a function of both the arterial
PO2 and cerebral blood flow. The latter is regulated
in part by the arterial blood gases. Hypoxemia causes
cerebral vasodilatation while a reduced arterial
PCO2 results in cerebral vasoconstriction. Therefore,
these are conflicting factors at high altitude. Some
impairment of neuropsychological function, for
example slow learning of complex mental tasks, can
be demonstrated at altitudes of less than 2000 m. At
higher altitudes many aspects of neuropsychological
function have been shown to be impaired including
reaction time, hand–eye coordination, and higher
functions such as memory and language expression.
Several studies have documented residual impair-
ment of neuropsychological function after ascents
to very high altitude. An interesting finding is that
climbers with a high hypoxic ventilatory response
tend to have the most severe residual impairment,
possibly because the associated reduced arterial
PCO2 causes cerebral vasoconstriction and therefore
diminished oxygen delivery, and more severe cere-
bral hypoxia. Oxygen enrichment of room air

improves neuropsychological function at an altitude
of 5000 m and therefore improves performance in
commuters to mines and telescopes.

16.1 INTRODUCTION

Of all the parts of the body, the central nervous sys-
tem (CNS) is the most vulnerable to hypoxia. It is
not surprising, therefore, that people who go to high
altitude often have changes in neuropsychological
function, including special senses such as vision,
higher functions such as memory, and affective
behavior such as mood. Such changes have been
observed in individuals acutely exposed to hypoxia,
in lowlanders sojourning at high altitude, and in
high altitude natives.

In addition to the changes in neuropsychologi-
cal function seen in individuals at high altitude,
there is mounting evidence that there may be per-
sistent defects of CNS function upon return to sea
level after periods of severe hypoxia at high altitude.
These findings are of special interest now because
increasing numbers of climbers choose to climb 
at great altitudes without supplementary oxygen.
Many people are concerned about the increase in
morbidity and mortality on expeditions to extreme



altitude and irrational decisions made by severely
hypoxemic climbers probably play an important
role. An excellent review gives a detailed account 
of high altitude, human mental performance, and
the biology of hypoxia and the brain (Raichle and
Hornbein 2001).

16.2 HISTORICAL

Changes in mood and behavior at high altitude
have been recognized from the early days of climb-
ing high mountains. However, the most extreme
effects of hypoxia on the central nervous system
were seen by the early balloonists where partial
paralysis, difficulties with vision, mood changes,
and even loss of consciousness are well docu-
mented. For example, during the famous flight of
the balloon Zenith by Tissandier and his two com-
panions (Tissandier 1875),

towards 7500 meters, the numbness one expe-
riences is extraordinary . . . One does not suf-
fer at all; on the contrary. One experiences
inner joy, as if it were an effect of the inundat-
ing flood of light. One becomes indifferent. . . .

This lack of appreciation of the dangers of acute
hypoxia is well known to aircraft pilots and is the
reason why there are stringent regulations on using
oxygen above certain altitudes in spite of the fact
that the pilot may not feel that he needs it.

The paralyzing effects of hypoxia were vividly
described during the balloon ascent by Glaisher and
Coxwell in 1862 (Glaisher et al. 1871). At the highest
altitude, Glaisher collapsed unconscious in the bas-
ket, and it was left to Coxwell to vent the hydro-
gen from the balloon to bring it down. However,
Coxwell had apparently lost the use of his hands and
instead had to seize the cord that controlled the
valve with his teeth and dip his head two or three
times. Incidentally, this flight also underscored the
rapid recovery from severe acute hypoxia. When the
balloon landed, Glaisher stated that he felt ‘no
inconvenience,’ and they both walked between 7 and
8 miles to the nearest village because they had come
down in a remote country area.

When climbers began to reach great altitudes,
neuropsychological disturbances were frequently

reported. For example, there were several descrip-
tions of bizarre changes in perception and mood on
the early expeditions to Mount Everest. During the
1933 Everest expedition, Smythe gave a dramatic
description of a hallucination when he saw pulsat-
ing cloud-like objects in the sky (Ruttledge 1933).
Smythe also reported a strong feeling that he was
accompanied by a second person; he even divided
food to give half to his non-existent companion. On
occasions, the changes in CNS function suggest
attacks of transient cerebral ischemia. For example,
the very experienced mountaineer, Shipton, had a
remarkable period of aphasia at an altitude of about
7000 m on the same expedition (Shipton 1943). He
reported that

if I wished to say ‘give me a cup of tea’, I
would say something entirely different –
maybe ‘tram-car, cat, put’ . . . I was perfectly
clear-headed . . . but my tongue just refused
to perform the required movements. . . .

In the last few years, there has been increasing
interest in the neuropsychological effects of high
altitude. For example, the Polish climber and psy-
chiatrist Ryn found a range of psychiatric distur-
bances in mountaineers who had ascended to over
5500 m (Ryn 1971). He also reported that symp-
toms similar to an organic brain syndrome per-
sisted for several weeks after the expedition. Some
climbers had electroencephalogram abnormalities
after climbs to great altitudes. Studies made during
the war between China and India in the early 1960s,
when Indian troops were rapidly airlifted to high
altitude, showed residual changes in psychomotor
function on return to sea level (Sharma et al. 1975,
1976). Townes et al. (1984) made measurements
on members of the American Medical Research
Expedition to Everest (AMREE) after they had
returned to sea level following about three months
at altitudes of 5400–8848 m and found residual
abnormalities of neuropsychological performance.
Similar results were found on Operation Everest II,
including the additional interesting observation
that climbers with the highest hypoxic ventilatory
response were more severely affected (Hornbein 
et al. 1989). The authors postulated that in spite of
the less severe hypoxemia in the individuals with
the higher ventilatory responses, the resultant more
profound hypocapnia may have caused a relatively
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greater vasoconstriction and therefore lower blood
flow and thus oxygen delivery to the brain. The find-
ings in the more controlled OE II chamber study
were similar to those in the field study on Mount
Everest (AMREE 1981), and the results were com-
bined for the Hornbein (1989) publication. There
have been steady improvements in the techniques of
neuropsychological testing and it is becoming clear
that minor changes in function are extremely com-
mon at high altitude, and that some residual impair-
ment often remains in some climbers who return to
sea level from great altitudes.

16.3 MECHANISMS OF ACTION OF
HYPOXIA

16.3.1 Hypoxia and nerve cells

In spite of a great deal of research over the last 
few decades, a clear understanding of the effect of
hypoxia on the brain remains elusive (Siesjo
1992a,b, Haddad and Jiang 1993, Hossmann 1999,
Raichle and Hornbein 2001 for recent reviews).

There are three consistent findings from years
of research on the effect of hypoxia on the brain.
First, whole human brain oxygen consumption
remains constant during hypoxia, even severe lev-
els. In order to maintain this equilibrium, a com-
mensurate increase in blood flow has to occur.
Second, in spite of no change in oxygen consump-
tion, hypoxia accelerates glucose utilization and
lactate production suggesting an increase in gly-
colytic flux by nerve cells, but utilization is
depressed during severe hypoxemia while oxygen
consumption remains the same. In clinical states of
severe ischemia, the hippocampus, white matter,
superior colliculus and lateral geniculates appear
particularly sensitive to levels of oxygen. The
increase in brain lactate levels in early stages of
hypoxia is counter-balanced by an increase in
bicarbonate which results in a near normal pH.
Third, brain tissue concentrations of ATP, ADP
and AMP as markers of the energy state of the tis-
sue remain close to normal even during severe
hypoxia, comparable to elevations above 8000 m.
While the brain is very sensitive to a decrease in
oxygen supply, i.e. blood flow and glucose, exam-
ples from nature demonstrate some species’ phe-
nomenal resistance to profound hypoxia, such as

the turtle (Perez-Pinon et al. 1992), the harbor seal
(Kerem and Elsner 1973), and high altitude birds
(Faraci 1986, Faraci and Fedde 1986).

IONIC CHANGES IN BRAIN WITH HYPOXIA

Altered ion homeostasis during hypoxia clearly
occurs though whether the ionic changes are pri-
mary, or whether they are due to altered oxidative or
neurotransmitter metabolism, is unclear. Hypoxia
interferes with calcium homeostasis. For example,
very low oxygen levels diminish calcium uptake at
synapses. One hypothesis is that the decrease of cal-
cium in the endoplasmic reticulum is a critical factor
in cerebral dysfunction in hypoxic environments
(Paschen 1966). Intracellular levels of potassium are
increased during severe hypoxia. There is accumula-
tion of free radicals which cause further injury,
particularly to the capillaries. Neurotransmitter
metabolism is thought to be sensitive to hypoxia
although there is conflicting evidence about which
transmitter or metabolic step is most sensitive. There
is evidence that acetylcholine synthesis by brain is
oxygen-dependent as is the biosynthesis of amino
acid neurotransmitters. Brain catecholamine concen-
trations are apparently decreased by hypoxia though
the mechanism is unclear. Much of the experimental
work has been done on ischemia, and the relationship
of the changes to those caused by pure hypoxia is
controversial, but it is clear that ischemia is a far more
important condition than hypoxia alone in causing
brain damage although hypoxia accentuates ischemic
injury in rat brains (Miyamoto et al. 2000).

VASCULAR ENDOTHELIAL GROWTH FACTOR
AND HYPOXIA

As mentioned in Chapter 19, certain factors, such as
hypoxia-induced vascular endothelial growth factor
are known to induce fluid leak from capillaries in
the brain (Fischer et al. 1999, Schoch et al. 2002), an
effect known to occur with acute hypoxic exposure.
The mechanism of the stimulation of vascular
endothelial growth factor (VEGF) has been ele-
gantly unraveled in the last few years, and the bene-
ficial effects to the brain in terms of improvement of
oxygen delivery have been fascinating to observe.

The response of the brain to chronic hypoxia
and ischemia is one of survival which takes the forms
of angiogenesis and neuroprotection respectively.
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The initiation of these events depends on the stimu-
lation of the transcription factor, hypoxia inducible
factor 1 (HIF-1) (Semenza 2000). The alpha por-
tion of the heterodimer is the one which acts as an
immediate transcription factor for a number of
growth factors, one of which is VEGF. HIF-1α is
present in many tissues and responds immediately
and transiently to hypoxia and/or ischemia. HIF-
1α targets mRNA genes and stimulates the induc-
tion of the VEGF gene which, along with the
synergistic effect of glycolytic metabolism, induces
angiogenesis in the insulted cerebral tissue
(Bergeron et al. 2000, Marti et al. 2000).

With several weeks exposure to hypoxia, rats
demonstrate an immediate and sustained increase
in HIF-1α (Chavez et al. 2000) which stimulates
VEGF. This together with other growth factors
results in angiogenesis and vascular remodeling
such that there is an increase in capillary density 
and improvement and maintenance of oxygen
delivery (Boero et al. 1999, Dor et al. 2001, Pichiule
and LaManna 2002, LaManna et al. 2004). Excellent
reviews about this area of research are available
(Semenza 2000, LaManna et al. 2004, Xu and
LaManna 2006). This body of work is an elegant
example of the quest to understand down to the
genetic level the adaptation to hypoxia which mini-
mizes the decrease in availability of oxygen whether
it be from high altitude or disease.

Another fascinating area of investigation recently
has been the discovery of the neuroprotective effect
of various growth factors, especially erythropoietin,
under the conditions of ischemia and/or hypoxia.
HIF-1α plays an important role in initiating this
process (Semenza 2000, Bergeron et al. 2000,
Kerendi et al. 2005; and see Chapter 7). It is the
transcription factor for erythropoietin which has
been found to minimize cerebral damage (Sirén 
et al. 2001, Bernaudin et al. 2002, Wen et al. 2002).
Some investigators have hypothesized that ‘pre-
conditioning’ by sublethal exposure to hypoxia might
protect the brain from subsequent damage from
ischemic and hypoxic exposure. Hypoxia stimulates
HIF-1α which is rapidly inactivated by proline
hydroxylation. Inhibition of this proteosome is
being investigated as a therapeutic intervention in
stroke therapy (Ratan et al. 2004). This line of
research may have profound implications in clinical
medicine, especially in the area of cerebrovascular
disease.

HYPOXIA AND THE
ELECTROENCEPHALOGRAM

The effects of hypoxia on brain synapses and mem-
brane polarization interfere with the normal electri-
cal activity of the brain and alter the EEG. In cats in
which the arterial PO2 is gradually reduced from 80
to 20 mmHg, the EEG amplitude initially increases
slightly and then slow waves and sharp spikes appear.
Subsequently, the slow waves decrease in amplitude
and then disappear. Later these small spikes become
sporadic, and finally the EEG flattens. The initial
activation which is followed by depression may be
due to the effect of hypoxia on the reticular activat-
ing system. Since acute exposure to high altitude
results in increased cortical activity on EEG, high
altitude exposure may increase susceptibility to
seizures by decreasing the threshold for the initia-
tion of epileptic discharge (Basynat 2000a, Daleau 
et al. 2006), but this theory is disputed by many 
who advise patients with seizure disorders who wish
to go to high altitude.

EVOKED POTENTIALS AND HYPOXIA

Evoked potentials are also altered by hypoxia.
Brain-stem auditory response is abolished by low
levels of oxygen. Visually evoked potentials are ini-
tially increased and then abolished as the level of
oxygen is reduced.

HISTOLOGICAL CHANGES

Histological changes in the brain result from severe
hypoxia. The changes are indistinguishable from
those due to hypotension and the greatest changes
are seen in the cortex and basal ganglia. Microvac-
uolization of neuronal perikaryon occurs first, the
H1 zone (Sommer sector) of the hippocampus being
the most vulnerable region.

16.3.2 Cerebral blood flow

The levels of arterial PO2 and PCO2 have crucial
effects on cerebral blood flow and since these levels
are greatly altered by going to high altitude, the
results are important (Xu and LaManna 2006).
Arterial hypoxemia dilates cerebral blood vessels and
greatly increases cerebral blood flow. Figure 16.1
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shows typical results found in anaesthetized nor-
mocapnic rats. It can be seen that cerebral blood
flow was little changed until the arterial PO2 fell
below 60 mmHg but with lower levels of PO2 there
was a dramatic increase in cerebral blood flow.
Note that at an arterial PO2 of 25 mmHg, cerebral
blood flow was approximately five times the nor-
moxic level. As indicated in Chapter 12, the arterial
PO2 of a climber resting on the summit of Mount
Everest is between 25 and 30 mmHg.

The results shown in Fig. 16.1 were obtained in
mechanically ventilated animals where PCO2 was
kept constant at the normoxic level. However, in
conscious animals and humans, the hyperventila-
tion caused by the hypoxaemia will cause a reduc-
tion in arterial PCO2 and an increase in pH which
will cause cerebral vasoconstriction. Therefore the
results shown in Fig. 16.1 cannot be applied directly
to the climber at extreme altitude.

A reduction in arterial PCO2 has a strong vaso-
constrictor effect on cerebral blood vessels and con-
sequently reduces cerebral flood flow. Figure 16.2
shows typical results in mechanically ventilated
anesthetized dogs which were made hypocapnic by
increasing the ventilation, or hypercapnic by adding
carbon dioxide to the inspired gas. In every instance
the arterial PO2 was maintained at approximately
the normal level. Note that when the arterial PCO2

fell to about 15 mmHg, cerebral blood flow was
reduced by about 40% (Harper and Glass 1965).

In humans at high altitude, the two effects of
hypoxemia and hypocapnia will clearly have
opposing effects on the cerebral circulation, but
have been found to balance each other in a way
that after 3 weeks’ exposure to high altitude and an
increase in oxygen-carrying capacity with erythro-
poiesis and other adaptive mechanisms, cerebral
blood flow returns to low-altitude baseline levels
(Møller et al. 2002).

There have not been systematic studies of cerebral
blood flow at various altitudes partly because of the
difficulties of measurement. However, Severinghaus
et al. (1966) measured cerebral blood flow in seven
normal subjects by a nitrous oxide method at sea
level and after 6–12 h and 3–5 days at an altitude of
3810 m. The blood flow increased by an average of
24% at 6–12 h, and by 13% at 3–5 days at altitude.
Acute correction of the hypoxia restored the cerebral
blood flow to normal. Extrapolation of additional
data suggested that if the PCO2 had not been reduced
at high altitude, the cerebral blood flow would have
been 60% above the control. An interesting feature of
the data obtained by Severinghaus et al. (1966) is
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Figure 16.1 Effect of changes of arterial PO2 on
cerebral blood flow (CBF) in anesthetized rats. The
arterial PCO2 was maintained normal. Note the very
sharp rise in blood flow as the arterial PO2 was reduced
below 50 mmHg. (From Borgström et al. 1975.)

Figure 16.2 Effect of alterations in arterial PCO2 on
cerebral cortical blood flow in anesthetized dogs. The
zero reference line for blood flow is at an arterial PCO2 of
40 mmHg. Animals were normoxic and normotensive.
(From Harper and Glass 1965.)



that the subsequent analysis shows that oxygen deliv-
ery to the brain (as calculated from cerebral blood
flow multiplied by arterial oxygen concentration)
was held essentially constant (Wolff 2000). However,
there is no known receptor that responds to oxygen
delivery.

Indirect evidence about cerebral blood flow in
humans can be obtained by measuring blood flow
velocity in the internal carotid artery by Doppler
ultrasound. Huang et al. (1987) measured flow
velocities in the internal carotid and vertebral
arteries in six subjects within 2–4 h of arrival on
Pikes Peak (4300 m), and found that the velocities
in both arteries were slightly increased above sea
level values; 18–44 h later, a peak increase of 20%
was observed. However, over days 4–12, velocities
declined to values similar to those at sea level. In
the further study by the same group (Huang et al.
1991) the effect of prolonged exercise (45 min at
approximately 100 W) on blood flow velocity in
the internal carotid artery was studied at sea level
and at 4300 m. The velocities at sea level and high
altitude were similar. In a low-pressure chamber
study, Reeves et al. (1985) measured blood flow
velocity in the internal carotid artery of 12 subjects
at Denver (1600 m) and repeatedly up to 7 h at a
simulated altitude of 4800 m. Their hypothesis was
that an increase in blood flow velocity might be
associated with the development of high altitude
headache, but no correlation was found. Other
studies by Doppler ultrasound have shown no cor-
relation between cerebral blood flow and acute
mountain sickness (Baumgartner et al. 1999), or
cerebral blood flow and susceptibility to high alti-
tude pulmonary edema (Berre et al. 1999). On the
other hand, Jansen et al. (1999) reported that sub-
jects with acute mountain sickness had higher cere-
bral blood flows than normals, and also a greater
hemodynamic response to hyperventilation.

Huang et al. (1992) measured blood flow velocity
in the internal carotid arteries of 15 native Tibetans
and 11 Han Chinese residents of Lhasa (3658 m)
both at rest and during exercise. There were no dif-
ferences at rest and during submaximal exercise. At
peak exercise, the Tibetans showed an increase in
flow velocity and cerebral oxygen delivery whereas
the Hans did not. Frayser et al. (1970) measured the
mean circulation time through the retina following
fluorescein injection and found that the circulation
time decreased from a mean of 4.9 s at Base Camp to

3.4 s at an altitude of 5330 m. This is consistent with
an increase in cerebral blood flow.

Another possible factor at high altitude which
could influence cerebral blood flow is an increased
viscosity of the blood caused by polycythemia. It is
known that a blood flow of less than half the nor-
mal value can occur in severe polycythemia vera
(Kety 1950) and that cerebral blood flow is signifi-
cantly increased in severe anemia (Heyman et al.
1952, Robin and Gardner 1953). Tomiyama et al.
(2000) altered blood viscosity in rats up and down
by hemodilution or transfusion, respectively, and
measured cerebral blood flow during hypoxia and
hypercapnia. They found that cerebral blood flow
correlated with viscosity with the most profound
effect being a decrease in the animals with the
highest viscosity. Some drugs, including caffeine,
reduce cerebral blood flow.

16.4 CENTRAL NERVOUS SYSTEM
FUNCTION AT HIGH ALTITUDE

16.4.1 Moderate altitudes

There is general agreement that CNS function is
impaired at altitudes over about 4500 m but an inter-
esting question is the lowest altitude at which minor
alterations in function occur. This question fre-
quently arises in the aviation industry because it is
important in selecting the cabin pressure of com-
mercial aircraft. Most high flying commercial aircraft
are pressurized to maintain the cabin pressure at or
below an equivalent altitude of about 2500 m. This
ceiling was accepted after considering the penalty of
extra weight and expense which would have to be
paid in order to reduce it further; however, there is
some evidence that at a pressure equivalent to an
altitude of 2440 m, subjects are slower to learn com-
plex mental tasks than at sea level. There is some
pressure to increase the cabin pressure of airplanes to
simulate 1800 m in new aircraft such as the Boeing
787 and Airbus 380.

Even at the considerably lower altitude of only
1524 m, eight subjects were slower to learn complex
tasks than a matched group breathing an enriched
oxygen mixture (Denison et al. 1966). The tests here
involved recognizing the posture of man-like figures
having different orientations and presented in 
random sequence on a screen. However, Paul and
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Fraser (1994) using similar tests, involving the
learning of new tasks, found no impairment at alti-
tude equivalent to 1524, 2438 and 3048 m. Thus it
appears that even at the cabin altitudes of commer-
cial aircraft, sensitive psychometric tests can pick up
minor degrees of impairment.

Interesting problems concerning CNS function
at moderate altitudes occur in relation to the oper-
ation of optical and infrared telescopes on moun-
tain summits (see also Chapter 29). The reduction
in the absorption of optical and infrared radiation
because of the reduced thickness of the earth’s
atmosphere at high altitude makes high mountains
ideal locations for astronomical observatories. For
example, several telescopes are located on the sum-
mit of Mauna Kea, altitude 4200 m, on the island of
Hawaii.

The barometric pressure on the summit of
Mauna Kea is only about 468 mmHg, giving a moist
inspired PO2 of 88 mmHg. The telescope operators
frequently live at sea level and ascend rapidly by car
to the summit. Forster (1986) measured arterial
blood gases on 27 telescope personnel on the first
day of reaching 4200 m and reported a mean arte-
rial PO2 of 42 mmHg, PCO2 29 mmHg and pH 7.49.
After 5 days, during which time the nights were
spent in dormitories at an altitude of 3000 m, the
arterial blood gases at 4200 m showed a mean PO2

of 44 mmHg, PCO2 27 mmHg and pH of 7.48.
A number of psychometric measurements

showed no change on ascending to 4200 m, though
performance of the digit symbol backwards test did
deteriorate on the first day. At the end of 5 days,
however, the scores had returned to sea level values.
Numerate memory and psychomotor ability were
also reported to be impaired in commuters to
Mauna Kea. Several features of acute mountain sick-
ness were noted in shift workers, particularly on
their first day at the summit. Headache was the most
disabling symptom but others included insomnia,
lethargy, poor concentration and poor memory.

16.4.2 High altitudes

A classical series of studies were carried out by
McFarland (1937a,b, 1938a,b) in connection with
the International High Altitude Expedition to
Chile which took place in 1935. In his first study,
McFarland reported on the psychophysiological

effects of sudden ascents to 5000 m in unpressur-
ized aircraft and compared the results with ascents
by train and car to villages as high as 4700 m in
Chile. The measurements showed that the rate of
ascent was an important variable, with the rapid
increase in altitude by aircraft being the most dam-
aging. Both simple and complex psychological
functions were significantly impaired at high alti-
tudes including arithmetical tests, writing ability,
and the appearance and disappearance time of
after-images following exposure of the eye to a
bright light. There were increased memory errors,
errors in perseverance, and reductions in auditory
threshold and words apprehended.

In a second study of sensory and motor responses
during acclimatization, when measurements were
obtained at altitudes as high as 5330 and 6100 m, sig-
nificant reductions in audition, vision, and eye–hand
coordination were seen. Measurements were made at
several altitudes but in general, impairment of func-
tion was not significant below an altitude of 5330 m.
Again, members of the expedition with the longest
periods of acclimatization appeared to suffer less
deterioration.

In a further study, mental and psychosomatic
tests were also administered at the same altitudes
and these showed deterioration. Tests involving the
quickness of recognizing the meaning of words,
mental flexibility or tendency to perseveration, and
immediate memory showed significant impair-
ment. It was noted that complex mental work could
be carried out if the subjects increased their concen-
tration but in general there was increased dis-
tractibility and lethargy which tended to reduce the
ability to concentrate.

In a final series of measurements, sensory and
circulatory responses were measured on sulfur min-
ers residing permanently at an altitude of 5330 m
at Aucanquilcha. They were compared with a group
of workmen at sea level who were similar in age
and race, and also with members of the expedition.
It was found that the miners at high altitude were
slower in simple and choice reaction times and less
acute in auditory sensitivity than the workmen at
sea level. However, McFarland and his colleagues
were impressed by the evidence for circulatory and
respiratory adaptation in these permanent residents
at an altitude of 5330 m.

Additional studies on the deleterious effects of
acute hypoxia on visual perception have been carried
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out, partly because of the importance of this topic
in aviation. For example, Kobrick (1975) docu-
mented impaired response times in the detection
of flash stimuli at equivalent altitudes of sea level,
4000 m, 4600 m and 5200 m during acute exposure
in a low-pressure chamber. The effects of hypoxia
on other peripheral stimuli have also been studied
(Kobrick 1972).

A special opportunity to study the central nerv-
ous system effects of high altitude occurred during
the India–China border war in the early 1960s when
large numbers of Indian troops were rapidly taken to
an altitude of 4000 m and remained there for as long
as 2 years. Sharma and his colleagues (1975) mea-
sured psychomotor efficiency in 25 young Indians
ranging in age from 21 to 30 years. Psychomotor per-
formance including speed and accuracy was deter-
mined by administering an eye–hand coordination
test in which a stylus was moved in a narrow groove
so that it did not touch the sides. The tests were per-
formed at sea level and at an altitude of 4000 m after
periods of 1, 10, 13, 18 and 24 months. Figure 16.3
shows how overall psychomotor efficiency declined
over the first 10 months of altitude exposure but
then recovered somewhat over the ensuing 13
months as a result of acclimatization.

Overall psychomotor efficiency as shown in
Figure 16.3 includes both the speed and accuracy
scores from the test. Figure 16.4 shows a break-
down of the accuracy and speed of this test of psy-
chomotor performance. Note that the accuracy of
the measurement increased substantially after the
10-month period but there was little improvement
in speed. This result is consistent with the impres-
sion given by many people who have worked at
high altitude, namely that thought processes are
slowed, but if one concentrates hard enough, accu-
rate procedures can be carried out.

In a related study, Sharma and Malhotra (1976)
compared the performance of three groups of
Indians drawn from the Corkha, Madrasi and
Rajput areas after 10 months’ stay at altitude of
4000 m. There were no differences in the scores for
eye–hand coordination and social interaction at
altitudes for the three ethnic groups. However, the
Corkhas showed a better toleration of altitude
stress as evidenced by the effects on concentration,
anxiety and depression.

In a study of 20 male soldiers exposed to a simu-
lated altitude of 4700 m for 5–7 h, the relationships
between symptoms and signs of acute mountain
sickness, mood and psychometric performance were
studied (Shukitt-Hale et al. 1991). It was found that
evidence of acute mountain sickness was best corre-
lated with symptoms, then mood changes, and least
with performance.
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Figure 16.3 Psychomotor efficiency in young adults
rapidly taken to an altitude of 4000 m where they
remained for 2 years. Psychomotor efficiency was
calculated using an eye–hand coordination test which
included speed and accuracy. Note the deterioration in
psychomotor efficiency over the first 10 months, which
then gradually improved. (From Sharma et al. 1975.)

Figure 16.4 Same data as in Fig. 16.3 except that
psychomotor efficiency is broken down into accuracy
and speed of eye–hand coordination. Note that the
accuracy of the measurement increased after 10 months
but there was relatively little improvement in speed.
(From Sharma et al. 1975.)



An unusual opportunity for studying the effects
of very high altitude on mental performance was
offered by the 1960–61 Silver Hut Expedition when
several normal subjects spent up to 3 months at an
altitude of 5800 m. Mental efficiency was tested by
asking the subjects to sort playing cards into bins
using specially designed equipment which recorded
events on magnetic tape (Gill et al. 1964). It was
found that the efficiency of sorting cards was less at
the high altitude than at sea level. The inefficiency
took the form of a delay in placing the cards into
the correct bins rather than errors of sorting. Again
these results reinforce the common notion that
accurate work can be done at high altitude, but it
takes longer, and more effort in concentration is
required. Cahoon (1972) also showed a reduced
efficiency of card sorting in eight normal subjects
exposed to a simulated altitude of 4600 m for 48 h.

During the 1981 AMREE, a series of psychomet-
ric tests were carried out prior to the expedition, at
the Base Camp (5400 m), at the Main Laboratory
Camp (6300 m) and immediately after and 1 year
after the expedition (Townes et al. 1984). The main
emphasis was on a comparison of CNS function
before and after exposure to extreme altitude, and
only a few of the measurements made at high alti-
tude were reported. However, finger-tapping speed
decreased significantly over the course of the expe-
dition. Mean taps of the right hand were 53.7 (pre-
test), 52.6 (5400 m altitude), 50.8 (6300 m altitude),
48.1 (on subjects returning to 6300 m altitude from
8000 m) and 45.4 (immediately after the expedi-
tion). It is not clear from these results whether the
reduction in finger-tapping speed was a function of
altitude, time at high altitude, or both.

16.4.3 Electroencephalogram

Ryn (1970, 1971) reported EEG abnormalities 
in 11 of 30 climbers who had been over 5500 m
altitude. The predominant abnormality was a
decreased frequency of alpha waves and a diminu-
tion of their amplitude. He also reported paroxys-
mal and focal pathology in EEG records performed
at high altitude.

Zhongyuan and his colleagues (1983) also
reported changes in the EEG at altitudes above
5000 m in members of a Chinese expedition to
Mount Everest. There was a reduced amplitude of

the alpha rhythm but in this instance there was an
increase in its frequency. The EEG changes were less
than those observed during acute hypoxia of the
same degree in a low-pressure chamber prior to the
expedition. Apparently members of the expedition
who tolerated the acute hypoxia well tended to
show fewer EEG changes on the mountain itself.

Nevison carried out an extensive series of EEG
measurements during the Himalayan Scientific and
Mountaineering Expedition of 1960–61. Although
the results were not written up in the open litera-
ture, he apparently found no abnormalities in sub-
jects living at 5800 m. Also the EEG appearances
were not altered by hyperventilation or 100% oxy-
gen breathing.

16.5 RESIDUAL CENTRAL NERVOUS
SYSTEM IMPAIRMENT FOLLOWING
RETURN FROM HIGH ALTITUDE

In view of the known vulnerability of the CNS to
hypoxia, it is hardly surprising that neurobehav-
ioral abnormalities can be demonstrated at high
altitudes. However, there has been great interest in
the possibility of residual impairment of CNS
function following return to sea level.

An extensive study was carried out by Townes 
et al. (1984) referred to in section 16.4.2. The subjects
were 21 members of the 1981 AMREE, and all were
males between 25 and 52 years of age with a mean age
of 36.4 years. The general level of education was high
with 15 subjects having either an MD or PhD degree.
Prior to the expedition, the following psychological
tests were administered at the San Diego Veterans
Administration Hospital: Halstead–Reitan battery
(Reitan and Davison 1974), repeatable cognitive–
perceptual–motor battery (Lewis and Rennick 1979),
selective reminding test (Buschke 1973) and the
Wechsler memory scale (Russell 1975). These same
measurements were repeated immediately after the
expedition in Kathmandu, Nepal. At an expedition
meeting held in Colorado 1 year later, the following
tests were re-administered: Halstead–Wepman apha-
sia screening test, B trials and the finger-tapping test
from the Halstead–Reitan battery, the digit vigilance
task from the repeatable battery, and a verbal passage
from the Wechsler memory scale.

Table 16.1 shows the significant changes found
between pre-expedition, post-expedition and 
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Table 16.1 Wilcoxon signed-rank tests comparing performance before, immediately after (in Kathmandu), and one year after expedition to Mt. Everest
(From Townes et al., 1984)

Performance Results (means � SE) Paired responses

Before After Follow-up Before and After and Before and 
after follow-up follow-up

Improved performance
Tactual performance test (right hand) 4.68 � 1.56 3.86 � 1.46 2.72*
Category test 24.29 � 15.46 11.05 � 8.39 3.48�

Decline in performance
Finger tapping test
Right hand 53.71 � 4.07 45.40 � 6.18 48.40 � 6.60 3.39� 1.32 2.20‡

Left hand 47.65 � 4.60 42.45 � 5.96 41.73 � 5.23 2.30‡ 0.66 2.93*
Criterion right 1.00 � 0 0.14 � 0.36 0.27 � 0.46 3.06* 0.73 2.67*
Criterion left 1.00 � 0 0.14 � 0.36 0.13 � 0.35 2.93‡ 0.54 2.93*
Wechsler memory scale
Short-term verbal recall 18.12 � 1.90 15.90 � 2.15 17.13 � 2.20 2.60* 2.12‡ 0.98
Trials to criterion 1.24 � 0.44 2.40 � 1.54 2.27 � 0.70 2.37‡ 0 2.67*
Long-term verbal recall 16.35 � 2.91 12.70 � 3.78 14.50 � 2.85 2.32‡ 2.75 0.94
Aphasia screening test 0.59 � 0.79 1.25 � 1.25 0.47 � 0.52 2.22‡ 2.31‡ 0.47

*p 0.01; +p 0.001; ‡p 0.05.



follow-up performance on the neuropsychological
tests. It can be seen that verbal learning and mem-
ory declined significantly from the beginning to
the end of the expedition as measured by the
Wechsler memory scale. In the Halstead–Wepman
aphasia screening test, the number of expressive
language errors increased significantly between
pre-test and post-test after the expedition. The
number of aphasic errors was significantly related
to the altitude attained by the subject.

As indicated in section 16.4.2 finger-tapping
speed decreased significantly over the course of the
expedition. This was measured by requiring the
subject to tap a lever as rapidly as possible over a
period of 10 s. For a test to be acceptable, five meas-
urements on each hand gave a difference of less
than five taps between trials. Before the expedition
all subjects reached this criterion. However, at
Kathmandu immediately after the expedition, 15 of
20 subjects could not sustain motor speed, and 13
of 16 subjects could not do so 1 year later.

These findings are of great interest because they
provide strong objective evidence for CNS dete-
rioration as a result of exposure to high altitude, a
subject which has been debated vigorously in the
past. However, other authors have reported similar
or consistent findings. Ryn (1970, 1971) also found
persistent abnormalities in a group of 20 male and
10 female Polish climbers several weeks after a
Himalayan expedition. Half of the male climbers
who ascended over 5500 m experienced symptoms
similar to the acute organic brain syndrome, and for
several weeks after the expedition they had changes
in affect and impaired memory. Eleven of the 30
climbers had EEG abnormalities immediately after
the climb. Psychological testing (Bender, Benton
and Graham–Kendall tests) were reported to be
normal in 13 persons, borderline in 12 persons, and
indicative of organic pathology in five chambers.

Persistent cognitive impairment was described in
five world-class climbers who had reached summits
over 8500 m without supplementary oxygen (Regard
et al. 1989). The abnormalities were in the ability to
concentrate, short-term memory and cognitive flex-
ibility (the ability to shift from one learned concept
to another).

In a brief report, Cavaletti et al. (1987) showed
residual impairment of memory in seven climbers
who returned to sea level after ascending to 7075 m
on Mount Satopanth without supplementary 

oxygen. The measurements were made before leav-
ing Italy, at the base camp after the ascent, and 75
days after the expedition. It was shown that mem-
ory performance decreased both at base camp and,
to a lesser degree, at sea level 75 days after the climb.
However, tests of fluency and ‘idiomotor ability’
were unaffected by altitude. In a more recent study,
persistent changes in memory, reaction time and
concentration were reported 75 days after a single
ascent over 5000 m (Cavaletti and Tredici 1993).

One study reports cortical atrophy and brain
magnetic resonance imaging (MRI) changes in 
26 climbers who ascended to over 7000 m with-
out supplementary oxygen (Garrido et al. 1993). No
magnetic resonance imaging (MRI) studies were
performed prior to the climbs; the measurements
were made 26 days to 36 months after return to sea
level. The controls were 21 normal subjects, and
46% of the climbers showed MRI abnormalities.

Not everyone has found CNS abnormalities fol-
lowing return after ascent to very high altitude. For
example, Clark et al. (1983) tested 22 mountaineers
before and 16–221 days after Himalayan climbs
above 5100 m with a battery of psychological and
neurophysiological tests but found no evidence of
cerebral dysfunction. This was a well-designed study
and it is not clear why these climbers showed no
abnormalities. In another study, Anooshiravani et al.
(1999) carried out brain MRI studies and performed
neuropsychological testing on eight male climbers
before and after ascents to over 6000 m without oxy-
gen. Although they found increases in symptoms of
acute mountain sickness, there were no alterations in
brain imaging or neuropsychological tests between 5
and 10 days after returning to sea level.

Measurements from the 1985 Operation Everest
II confirmed the changes in psychometric function
found on the 1981 AMREE, and extended the obser-
vations in an interesting and unexpected direction.
During Operation Everest II, eight normal subjects
spent 40 days in a low-pressure chamber and were
gradually decompressed, ultimately being exposed
to the simulated altitude of the Everest summit.
Impairments in motor speed and persistence, mem-
ory, and verbal expressive abilities were found after
the simulated ascent just as with the 1981 Everest
expedition (Hornbein et al. 1989).

The new finding was a significant negative cor-
relation between hypoxic ventilatory response 
and neurobehavioral function measured after the
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expedition. In other words, those climbers with the
largest hypoxic ventilatory response showed the
greatest decrement in neurobehavioral function.
This was unexpected; indeed the prediction might
have been that those who increased their ventila-
tion most would protect their CNS function by
preserving their alveolar and therefore arterial PO2.

A hypothesis to explain these unexpected find-
ings was advanced by Hornbein et al. (1989). They
argued that the subjects with the highest hypoxic
ventilatory response would reduce their arterial
PCO2 the most and therefore develop the most
cerebral vasoconstriction. This in turn would cause
the most severe cerebral hypoxia even though their
arterial PO2 would actually be higher than that in
the subjects with the smaller ventilatory responses
to hypoxia.

Note that this hypothesis is not supported by the
measurements of cerebral blood flow against arte-
rial PCO2 in anesthetized dogs shown in Fig. 16.2.
Those data show that cerebral blood flow appar-
ently levels off at values of PCO2 below approxi-
mately 15 mmHg. However, the situation with
acclimatization may be different because the arte-
rial pH returns towards normal and this may
improve cerebral blood flow. In addition the scatter
in the data is such that this result may not be reli-
able. It should also be pointed out that the relation-
ship between cerebral blood flow and arterial PCO2

is very sensitive to the systematic arterial pressure
(Harper and Glass 1965). Hypotensive dogs show a
much smaller change in cerebral blood flow for a
given change in PCO2 than normotensive animals.
Whether changes in systemic blood pressure occur
at extreme altitudes is not known although there
are no obvious alterations at 5800 m (Pugh 1964).

The correlation between hypoxic ventilatory
response and residual impairment of central nerv-
ous system function leads to an interesting para-
dox. On the one hand, a brisk hypoxic ventilatory
response is advantageous for a climber to reach
extreme altitudes because otherwise the alveolar
PO2 cannot be maintained at the required levels.
However, the only way of maintaining the PO2 is by
extreme hyperventilation, which reduces the arte-
rial PCO2, which in turn reduces cerebral blood
flow. Thus such a climber is likely to suffer more
residual central nervous impairment. In other
words, the climber who is endowed by nature to go

the highest is likely to suffer the most severe nerv-
ous system damage.

16.6 EFFECT OF OXYGEN ENRICHMENT OF
ROOM AIR ON NEUROPSYCHOLOGICAL
FUNCTION AT HIGH ALTITUDE

Increasing numbers of people are commuting to
high altitude for commercial purposes such as
mining, and scientific purposes such as astronomy
(see Chapter 29). In order to reduce the neuropsy-
chological impairment that occurs at high alti-
tudes, oxygen enrichment of room air is now being
tested. This is remarkably effective because every
1% increase in oxygen concentration (for example,
from 21 to 22%) reduces the equivalent altitude by
about 300 m. Gerard et al. (2000) evaluated the
effectiveness of enriching room air oxygen by 6%
at simulated 5000 m altitude. A randomized double-
blind study was carried out on 24 subjects who
underwent neuropsychological testing in a spe-
cially designed facility at 3800 m that could simu-
late both an ambient 5000 m atmosphere and an
atmosphere of 6% oxygen enrichment at 5000 m.
The 2-h test battery of 16 tasks assessed various
aspects of motor and cognitive performance.
Compared with simulated breathing air at 5000 m,
oxygen enrichment resulted in higher arterial oxy-
gen saturations, quicker reaction times, improved
hand–eye coordination, and a more positive sense
of well being, each significant at the p � 0.05 level.

It is interesting that other aspects of neuropsy-
chological function were not significantly improved
by 6% additional oxygen. One reason may be that
short-term concentration may temporarily over-
come real underlying deficits. The problem was suc-
cinctly stated by Barcroft et al. (1923) reporting on
the 1921–22 International High Altitude Expedition
to Cerro de Pasco, Peru. He wrote:

Judged by the ordinary standards of effi-
ciency in laboratory work, we were in an
obviously lower category at Cerro than at the
sea-level. By a curious paradox this was most
apparent when it was being least tested, for
perhaps what we suffered from chiefly was
the difficulty of maintaining concentration.
When we knew we were undergoing a test,
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our concentration could by an effort be
maintained over the length of time taken for
the test, but under ordinary circumstances 
it would lapse. It is, perhaps, characteristic
that, whilst each individual mental test was
done as rapidly at Cerro as at the sea-level,
the performance of the series took nearly
twice as long for its accomplishment. Time
was wasted there in trivialities and ‘bungling,’
which would not take place at sea-level.
(Barcroft et al. 1923)

A more recent study after 30 days at 3700 m
showed that sleep quality, especially deep sleep
stages, total sleep time, and efficient sleep index
were all improved with oxygen enrichment. Sleep
latency and arousals were not significantly better,
but the over-all effect of enrichment was felt to be
beneficial.

In view of the above, it would be very interest-
ing to develop neuropsychological tests which were
embedded in the normal daily activities of the sub-
ject. In other words, it would be valuable to be able
to measure the mental efficiency of the subjects
when they were unaware of being tested. A formal
study along these lines has not yet been carried out
at high altitude.

The addition of extra oxygen to any environment
also may carry some hazards, such as increased fire
risk. John West who has pioneered much of this
work discussed what is felt to be a ‘safe’ amount of
oxygen enrichment without incurring undue fire
hazard (West 2001). The intervention of supplemen-
tal oxygen may be beneficial not only in professional
settings where mental acuity is essential but also in
areas of recreation where altitude illness can be a
limiting factor to enjoyment of the sojourn (West
2002).
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SUMMARY

Many people live permanently at high altitudes
which have a significant effect on their physiology
(see Chapter 3 for numbers and world distribution).
Studies of such populations are hampered by the
problem of appropriate comparison groups. Often
a group of high altitude residents is compared with
a group of lowlanders from a different ethnic, socio-
economic and genetic background so that it is dif-
ficult to know to what factors any differences may
be attributed. Also it is becoming clear that not all
high altitude residents are the same. Recent studies
have found interesting differences between South
American and central Asian high altitude residents.

Altitude residence does not seem to have impor-
tant demographic effects; economic factors are of
greater importance. Fertility, which is reduced in
newcomers to altitude, seems to be normal in peo-
ples resident for generations, especially on the
Tibetan plateau. Fetal growth in the last stages of
pregnancy is retarded, and birth weight falls with
increasing altitude of residence. Growth in child-
hood has been claimed to be retarded but continues
for longer, though again this could be due, in part
at least, to economic or nutritional factors rather
than altitude per se.

The physiology of high altitude residents differs
from that of lowlanders at altitude in some respects.

The former have lower total ventilation at rest and
exercise and blunted hypoxic ventilatory response
(though in Tibetans this is less so than in South
American highlanders). Despite lower ventilation
their oxygen saturation and PO2 are similar to those
of lowlanders at altitude. They have higher lung
diffusing capacities than lowlanders, an important
advantage at altitude where work rate is limited by
diffusion. They have slightly larger lungs. Animals
adapted to high altitude have very little pulmonary
artery pressor response to hypoxia. Tibetans show
a degree of this adaptation, but not South American
high altitude residents. There are also differences in
hemoglobin concentration and oxygen saturation
between these populations, all suggesting that the
Tibetans, with their longer lineage at altitude, have
undergone a greater degree of altitude adaptation.

Certain diseases are found commonly among
altitude residents. Again some are the result of socio-
economic factors and are common in poor popu-
lations at sea level. Cold and cold injury are more
common at altitude but, of course, not confined to
it. The commonest disease due to altitude hypoxia
is chronic mountain sickness and high altitude
pulmonary edema. This is covered in Chapter 21.
Others include chemodectoma, a benign tumor of
the carotid body, and a high incidence of patent
ductus arteriosus in infants. Goiter, though not
strictly confined to high altitude, is much more



prevalent there since iodine-deficient soils are more
common at high elevations and possibly the demands
for iodine are greater at altitude. Finally, sickle cell
disease, though not caused by altitude, is more
serious there.

17.1 INTRODUCTION

This chapter considers the characteristics of people
born and raised at high altitude and whose ancestors
have resided at high altitude for many generations.
In Chapter 3 the locations of these populations have
been discussed. In general the altitude considered is
above 3000 m. The duration of residence of the pop-
ulation is impossible to determine; it ranges from
perhaps 50 000 to 100 000 years in Tibet and perhaps
15 000 years in the Andes to a few generations in the
high mining towns of Colorado, USA.

Our knowledge of the effect of lifelong residence
at altitude has come from studies of particular peo-
ples. A major problem in interpreting results is to
decide whether the characteristics found to differ
from lowland populations are really due to the high
altitude environment (hypoxia or cold) or due to
racial, nutritional or economic factors.

Some studies have sought to eliminate racial
factors by using low altitude residents of the same
ethnic background as controls. It is difficult to 
control for nutritional factors since high altitude
residents may well be economically disadvantaged
when compared with their low altitude controls.
This seems to be the case in the Andes. The effects
of poor nutrition and chronic hypoxia are similar
on factors such as growth and development, thus
confounding the interpretation of results. The eco-
nomic advantage may be reversed, as in Ethiopia,
where the highland regions are free from malaria
and the residents more wealthy and better fed. The
result is that studies from this part of the world do
not show the differences between high and low
altitude residents that are reported from the Andes.
There are fewer studies from the Himalayas and
Tibet than from the Andes, though this has been
redressed in recent years with a number of studies
from Lhasa.

However, if these reservations are kept in mind,
some conclusions can be drawn from the many sur-
veys about the effects of lifelong residence at high
altitude, especially on birth weight and childhood

development. Recent studies have addressed the
question of differences between South American and
Tibetan high altitude residents and the related one of
whether there has been natural selection for giving a
biological advantage to either of these populations.
Moore reviewed some of these areas of interest
(Moore 2001).

17.2 DEMOGRAPHIC ASPECTS

17.2.1 Population age and sex
distribution

A few high altitude groups have been analyzed in
some detail and the population of the Nunoa district
(4000 m) of Peru showed some differences compared
with the total Peruvian population (Baker and Dutt
1972). The high altitude population was somewhat
younger, and the ratio of females to males was larger
during infancy and childhood, but in addition there
appeared to be more elderly people among the high
altitude than the general population.

The explanation seems to be that, in the high
altitude population, there was a high birth rate and
high adult emigration rate. Male mortality was
higher than female in infancy, childhood and early
adolescence. The larger number of older individuals
may have been due to the prestige associated with
telling observers that they were of a great age. Claims
to longevity are hard to substantiate because birth
certificates and baptismal registers are seldom kept,
and some individuals lie outrageously about their
age. Areas noted for longevity, the Villcambamba
region of Ecuador, the state of Georgia in Russia,
and the Hunzas of Northern Pakistan all claimed
inordinant longevity, but many of these claims are
insubstantiated. For instance, in north Bhutan the
oldest individuals were over 80 but not above 
90 years old as claimed (Jackson et al. 1966, p. 99),
and some Tibetan lamas claim to have lived to a
great age. There seems to be little concrete evidence
for unusual longevity at high altitude.

In the Khumbu region of north-eastern Nepal,
male infant mortality was higher than female. There
was little permanent emigration but a higher per-
centage of males was involved in accidents. In north-
west Nepal the number of males born relative to
females was higher but mortality in male infants was
increased (Baker 1978).
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17.2.2 Fertility

Adaptation to the environment must include the
ability of the species to reproduce. The Spanish who
occupied the high altitude regions of South America
in the sixteenth and seventeenth centuries found that
neither their animals nor their womenfolk had live
offspring. This was in contrast to the indigenous ani-
mals and peoples. Clegg (1978) quotes two well-
observed Spanish accounts of La Calancha (1639)
and Cobo (1653). The former recounts the early his-
tory of the city of Potosí (4060 m) in present day
Bolivia with a population of 20 000 Spaniards and
100 000 Indians. Children born to Spanish couples
died either at birth or within 2 weeks. Pregnant
Spanish women developed the habit of returning to
low altitude for their pregnancy and delivery and
keeping their babies there until a year old. Han
Chinese women living in Tibet follow a similar pat-
tern. The cause of failure to thrive in these infants
may well have been high altitude pulmonary hyper-
tension (Chapter 21). The Amerindians, of course,
had no such problems nor do the indigenous
Tibetans. It was not until 53 years after its foundation
that the first Spanish child was born and reared in the
city. Cobo says that Jauja (3500 m), the early capital
of Peru, was considered ‘a sterile place’ where horses,
pigs or fowl could not be raised, whereas 100 years
later it was a principal area producing pigs and poul-
try and supplying Lima with these products. Cobo
also pointed out that infant survival depended upon
the proportion of Indian blood in the child, with
pure-blooded Spanish children mostly dying, chil-
dren of mixed blood faring rather better, and pure-
blooded Indian children having the lowest mortality,
despite much poorer living conditions.

What is the cause of this lack of fertility in 
lowlanders at altitude? Sperm counts in lowland
men fall temporarily on going to altitude but then
recover. Testosterone levels also fall and then
recover after a week or two (section 15.10.3). In the
female, on going to altitude, there may be tem-
porary disturbances in menstruation (Sobrevilla 
et al. 1967). Conception rates are virtually impossi-
ble to measure, especially since chronic hypoxia 
may increase the frequency of early abortions. The
reduced fertility may be due to a number of factors,
possibly reduced conception, probably increased
numbers of early abortions, stillbirths and neonatal
deaths.

In altitude residents fertility was thought to be
reduced. Hoff and Abelson (1976), using aggregate
data from Peru, found that fertility, measured as
the number of children under the age of 5 divided
by the number of women aged 15–49 years, fell lin-
early with altitude (p � 0.01) but they were cau-
tious when interpreting the data on which this was
based. They also found that high altitude women
who migrate to low altitude increase their fertility.
However, both Carrillo (1996) and Gonzales et al.
(1996) found global fecundity rates higher than at
sea level.

Determining the factors which affect fertility in
populations with many socio-economic variables
has been extremely difficult. Vitzthum et al. (2000)
studied progesterone levels in Andean woman to
determine menstrual and thus ovarian function and
concluded that hypoxia per se did not alter ovarian
function compared to low altitude patterns. This
goup (2000) also found that bias in the data may
arise from the low rate of conception in nonlactat-
ing women. Kapoor et al. (2003) studied Himalayan
populations and found that since the high altitude
populations are in such socio-economic flux, there
were few variables which were solely responsible
for an apparent decrease in fertility in these groups.
Coital frequency, late age of menarche, prolonged
lactation and thus slower restoration of post-partum
fecundity, rural versus urban habitation are all fac-
tors which play a role in fertility, and most investi-
gators do not find specific variables which result
from hypoxia, per se, which impair conception
(Vitzhum 2001, Crognier et al. 2002, Vitzhum and
Wiley 2003).

17.3 FETAL AND CHILDHOOD
DEVELOPMENT

17.3.1 Pregnancy

ABORTION

Abortion rates are notoriously difficult to measure,
but Clegg (1978) quotes a number of Andean studies
giving incredibly low rates ranging from 0 to 1%
(compared with worldwide rates of about 15%). He
suggested this might be due to a high rate of very
early abortions (before 2 weeks) which would be
unrecognized and would help to account for the low
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fertility. In Ethiopian women, Harrison et al. (1969)
reported a rather higher rate (9.1%) at 3000 m com-
pared with less than 1% in an ethnically similar pop-
ulation at low altitude; however, both rates are low
compared with rates in many populations. Beall et al.
(2004) studied Tibetan women with hemoglobin
with high and low affinity for oxygen and found a
lower offspring mortality in women with alleles for
high affinity characteristics and suggested that
hemoglobin affinity may be an agent for natural
selection in this population. Non-B haplogroups,
as compared to B groups, had a higher adverse out-
comes (fetal demise and neonatal deaths), but the
molecular basis for these events is not known
(Myres et al. 2000).

PLACENTAL GROWTH

Placentas are not significantly heavier at high altitude
but since birth weights are low the placental/birth
weight ratio is significantly increased (McClung
1969, Mayhew 1986), clearly an adaptation which
would benefit fetal oxygenation. Villous vasculariza-
tion is increased in the placentas from high altitude
women; this increases the surface area for diffusion
(Clegg 1978), although Mayhew (1986) found a
smaller surface area of villi but a thinner diffusion
barrier, thus resulting in an increase in the membrane
diffusing capacity (Zamudio 2003). Placental infarcts
are more common in altitude placentas and more fre-
quent in women with a European admixture of genes
(McClung 1969).

There is a decrease in nutrient transporters in pla-
centa under hypoxia (Zamudio 2006). In this study
while there was an increase in EPO and other growth
factors and thus vascularization, a decrease in glu-
cose and other nutrient transporters could account
for intra-uterine growth retardation (IUGR).

FETAL GROWTH

The evidence suggests that, after the hazards of the
first few weeks of pregnancy, growth is probably
normal until the last trimester, when it slows to
produce a lighter baby at term. The cause of this
growth retardation is not clear, since the evidence
reviewed by Clegg (1978) suggests that the fetus at
this altitude is not hypoxic compared with lowland
fetuses. Possibly this is a genetic adaptive change
with elimination, over generations, of genes which

produce a larger baby. This would be advantageous
since smaller babies are less likely to outgrow the
placental capacity for oxygen transfer.

There does appear to be different adaptation
strategies in high altitude populations in the Andes
versus the Himalaya. Moore et al. (2001) studied
Tibetan and Han Chinese woman at 3658 m and
found that Tibetan women had a higher percent-
age of common iliac blood flow contributed to the
uterine artery. They felt that the higher birth weight
of the Tibetan babies may be attributable to a com-
pensation for a lower hemoglobin level by a higher
oxygen delivery from a greater blood flow. On the
other hand, in the Andes, Tissot van Patot et al.
(2003) found a marked increase in vascular remod-
eling in placentas of women at 3100 versus 1600 m;
but since these infants are of lower birth weight than
low altitude ones, the investigators felt that this
degree of angiogenesis was not adequate to restore
the normal degree of oxygen delivery.

Another factor in the regulation of blood flow
and thus oxygen delivery is the vasomotor regulators
of flow. Moore et al. (2004) compared the HIF-1
targeted vasoconstrictor, endothelin-1 (ET-1) in
European and Andean women. Andean women were
found to have a lower level of ET-1 suggesting less
vasoconstriction and thus increased blood flow 
in the high altitude-adapted women. The mecha-
nism of this phenomenon is thought to be related
to a single nucleotide polymorphism in the ET-1
gene and may be a model for identifying women 
at any altitude prone to vascular problems such as
pre-eclampsia.

17.3.2 Birth weight and infant
mortality

Results from a number of studies in the Andes and
Tibet showed lower birth weight at altitude (Haas
1976, Li 1985). The mean weight declined from about
3.5 kg in Lima to 2.8 kg at Cerro de Pasco (4300 m)
and, although there is the possibility that the nutri-
tional status of mothers may be a factor, it is
unlikely to account for more than a proportion of
this difference. Andean infants at 4340 m also had a
marked delay in equilibration of Sa,O2 and lower
Apgar scores compared to babies in Lima at 150 m
(Gonzales and Salirrosas 2005). In Bolivia, where
infant mortality and stillbirth rates are high, there
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is also a high prevalence of IUGR, pre-eclampsia
and miscarriage (Keyes et al. 2003).

A similar effect of altitude has been reported from
the USA (Lichty et al. 1957, Grahn and Kratchman
1963, Unger et al. 1988). Women native to high alti-
tude who descend to low altitude have heavier babies
at low altitude (Hoff and Abelson 1976). These stud-
ies include women from both indigenous high alti-
tude populations and low altitude stock, and indicate
that it is the high altitude environment rather than
genetics which result in low birth weights. A study
from Colorado also concludes that altitude is an
independent factor in causing low birth weights. The
authors obtained data from 3836 birth certificates
and found that none of the characteristics associated
with low birth weight – gestational age, maternal
weight gain, parity, smoking, hypertension, etc. –
interacted with the effect of altitude; the decline 
in birth weight averaged 102 g per 1000 m (Jensen 
and Moore 1997). However, genetic factors may play
a role.

In a study in Lhasa (3658 m) Niermeyer et al.
(1995) reported that Han Chinese infants had lower
birth weights than Tibetan babies born at the same
altitude. They also had lower Sa,O2 and higher
hemoglobin levels. Possibly the genetic factors work
through giving better oxygenation to Tibetan moth-
ers (see section 17.5.2). Not all investigators have
found that Tibetan fetuses are spared from IUGR
(Tripathy and Gupta 2005), and others have docu-
mented significant malnutrition (Dang et al. 2004).
Of interest is the finding that maternal anemia is
inversely proportional to birth weight at altitudes
from 2220 to 4850 m (Nahum and Stanislaw 2004).
The authors attributed this finding to the decreased
oxygen delivery with increasing viscosity known to
occur at high altitude, but it is not clear that the
degree of polycythemia was high enough to decrease
blood flow.

Infant mortality depends heavily on living stan-
dards and medical facilities and the very high infant
mortality rates reported probably reflect these factors
more than the effect of altitude per se. In Ethiopia,
Harrison et al. (1969) reported a rate of 200 per 1000
live births at high altitude and 176 per 1000 at low
altitude, whereas in the Andes a rate of 180 per 1000
was found in the rural area of Nunoa (4000 m) but
only 73 per 1000 in urban La Paz (Baker 1978). In
Himalayan Sherpas, Lang and Lang (1971) gave a
figure of 51 per 1000 at 4300 m, and in North

Bhutan the rate was 189 per 1000 (Jackson et al.
1966, p. 99). In experimental animals under con-
trolled conditions, hypoxia increases neonatal mor-
tality, so probably the high rates found in mountain
peoples are at least partly due to the altitude. Apart
from the direct effect of hypoxia an important indi-
rect effect may be through the reduced amount of
liver glycogen present at birth, an important energy
store until suckling becomes established (Clegg
1978).

17.3.3 Growth through childhood

The high altitude baby starts life smaller than the
average low altitude baby does, and its early growth
is slower. Milestones such as sitting and walking are
slightly later, but the differences between high and
low altitude residents of the same race are less than
those between different races or between urban and
rural populations (Clegg 1978).

In Quechua Indians in Peru, throughout child-
hood the high altitude child lags behind his low alti-
tude counterpart in height by about 2 years. The
adolescent growth spurt is less pronounced in high
altitude youths but their growth continues for about
2 years longer and their adult stature is not reached
until 22 years of age (Frisancho 1978). In Ethiopia,
there were no such differences. Indeed, high altitude
males were taller and heavier for their age than low-
landers. In the Himalayas, a comparison of high alti-
tude Sherpas (3075–5050 m) with Tibetans resident
at 1400 m was made by Pawson (quoted by Frisancho
1978) who found no difference in the height of chil-
dren in these populations, though other indices of
maturation (skeletal and dental development and
menarche) show the Sherpa children to lag behind
the low altitude Tibetans. Recently, a study from
Ecuador found very little difference in rates of body
weight increase in children at high altitude compared
with children from low altitude. There were some
minor differences in rates of height increase but the
authors conclude that hypoxia plays a relatively small
role in shaping growth in the first 5 years after birth
(Leonard et al. 1995).

On the other hand, investigations amongst the
children of Kirghiz tribes of the Tien Shan moun-
tains showed delayed growth in the high altitude
children, equivalent to a lag of about 1 year. The
altitude of residence was 2300–2800 m, but in the
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summer months they go up to 3500 m to graze
their cattle (Frisancho 1978).

Menarche is a milestone well documented in
studies from various high altitude regions; and, in
girls living in the Andes, Himalayas and Tien Shan, it
is 1–2 years later than in low altitude girls (Frisancho
1978, Jackson et al. 1966, pp. 40–4). The Ethiopian
highlanders again are the exception as no difference
was found (Harrison et al. 1969). Adrenarche, the
increase in serum androgens, also occurs 1–2 years
later in children at altitude compared with sea level
in Peru (Goñez et al. 1993).

17.4 PHYSIOLOGY

17.4.1 Stature, lung development and
function

Compared with Europeans and North Americans,
most high altitude residents have a smaller stature
and are lighter in weight, but when compared with
people of similar race and living standards most of
this difference disappears. The delayed growth (see
above) is almost counteracted by the prolongation of
active growth to beyond 20 years. The Han Chinese
who have more recently migrated to high altitude
regions do show some retardation of growth and
stature but respiratory adaptations which are simi-
lar to high altitude populations (Weitz and Garruto
2004). It is important to note, however, that
Tibetans who were second-generation lowlanders
adapted more quickly to high altitude than lowland
Caucasians (Marconi et al. 2004) which suggests an
inherent characteristic to adaptation.

One of the most quoted aspects of lifelong adap-
tation to high altitude is the deep-chested devel-
opment of the thorax in high altitude residents
(Barcroft 1925). This has been documented by mea-
surement of chest circumference and vital capacity
in South American Indians living above 4500 m but
is quite a small difference even in this population.
Vital capacity was about 300 mL higher than pre-
dicted when corrected for body size (Velasquez
1976). However, at 3500 m these measurements were
smaller and less than the values published in the
USA. High altitude residents in the Himalayas do
not have larger circumference chests or bigger vital
capacities than lowlanders (Frisancho 1978) nor
do younger white residents of Leadville (3100 m),

but those over 50 years of age did have significantly
larger vital capacities, by 440 mL, than predicted
(DeGraff et al. 1970). Sun et al. (1990) compared
Tibetans and Han Chinese residents of Lhasa. Their
mean ages, heights and weights were similar, but,
whereas the Tibetans were lifelong residents, the
Han have been resident for a mean time of 8 years.
The Tibetans had vital capacities significantly
greater than the Han did: 5080 mL compared with
4280 mL. High peak flows (�139%) were measured
in both Tibetans and Ladakhis at 3300 m (Wood
et al. 2003).

In Andean residents at 4540 m, the total lung
capacity is about 500 mL greater than at sea level,
most of the increase being due to increased residual
volume (Velasquez 1976). Infants born at high alti-
tude have greater thoracic compliance than infants of
the same ethnic background born at low altitude
(Mortola et al. 1990). In adults the thoracic blood
volume is increased and the residual volume/total
lung capacity ratio increases from 21 to 28% in high
altitude compared with low altitude residents. There
may be some benefit from this since it would have the
effect of reducing the breath-by-breath oscillations of
PCO2 and, hence, pH. At altitude these oscillations
would otherwise be increased due to the reduction in
plasma bicarbonate as part of the acclimatization
process (Chapter 5). However, these changes in lung
volumes, even when found, are quite small and prob-
ably have little effect on performance. Vital capacity
decreases with age at sea level but this reduction is
much greater at altitude, at least in Andean residents
(Monge et al. 1990), which may account in part for
the increasing incidence of chronic mountain sick-
ness with age (Chapter 21).

The increased lung capacity may allow for an
increased area for gas diffusion which, together with
the increased blood volume, results in increased
lung diffusing capacity. Details of studies in Andean
and Caucasian residents are given in section 6.4.2.
This increase in gas transfer should give the alti-
tude resident a distinct performance advantage
over the newcomer to altitude. Work from Tibet by
Chen et al. (1997) indicates that Tibetan high-
landers also have higher lung diffusing capacities
when compared with Han Chinese. The increase in
pulmonary gas exchange can be induced after as little
as 2 years in dogs brought up during maturation at
3800 m (McDonough et al. 2006). These findings
suggest plasticity in this response if individuals are
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exposed to an hypoxic environment during impor-
tant growth phases. Samaja et al. (1997), who stud-
ied Sherpas and Caucasian lowlanders at 3400 and
6450 m, found that the Sherpas were less alkalotic
at the higher altitude due to a higher PCO2, although
the PO2 and Sa,O2 were the same as those of
Caucasians. This indicates that their oxygen trans-
port was more efficient.

17.4.2 Ventilatory control at rest and
exercise

Newcomers to high altitude find, often to their sur-
prise, that they have to hyperventilate on the slight-
est exertion. They may notice that high altitude
residents seem to be relatively unaffected in this
way. Reviews (Lahiri 2000, Moore 2000, Donnelly
and Carroll 2005, Wilson 2005, Leon-Velarde and
Richalet 2006) provide rich sources for the bio-
chemical, genetic, cellular, and physiologic responses
that are known to exist in high altitude populations.

Measurements of resting and exercise ventilation
in high altitude residents confirmed that high alti-
tude natives in the Andes do, in fact, hypoventilate
compared to sojourners. Chiodi (1957) showed that
resting ventilation was higher in newcomers to alti-
tude than in residents. At 3990 m the values were 5.3
and 4.5 L min�1 m�2, and at 4515 m, 5.6 and 4.9 L
min�1 m�2 for newcomers and residents respec-
tively. The Pa,CO2 values were in accordance with
these differences. Santolaya et al. (1989) studied
workers at the Aucanquilcha mine (5950 m) in Chile.
Their mean Pa,CO2 was 27.5 mmHg whereas lowlan-
ders at that altitude had a value about 5 mmHg lower,
indicating ventilation 22% higher. They also showed
no respiratory alkalosis (pH 7.4), which lowlanders
would have at that altitude.

On exercise, Buskirk (1978) found a similar dis-
tinction in Andean high altitude residents as did
Lahiri et al. (1967) in Sherpa subjects compared
with lowlanders at altitude. It is likely that this lower
ventilation in high altitude residents is due to their
low hypoxic ventilatory response (HVR), especially
the ventilatory response to prolonged hypoxia as
opposed to acute hypoxia (Gamboa et al. 2003; and
Chapter 5). HVR correlates with exercise hyperventi-
lation (Schoene et al. 1984) and thus would be associ-
ated with both the objective and subjective response
to exercise ventilation at high altitude. As discussed in

Chapter 5 this blunting of the HVR appears to take
place over decades at altitude. Children resident at
high altitude have normal HVR, and this blunting is
seen in white subjects resident in Leadville (3100 m)
in Colorado, so it does not seem to be genetically
determined (Weil et al. 1971, Lahiri et al. 1976).
There does, however, appear to be some differences
in the ventialtory response to hypoxia between
genders with women breathing more than men
(Joseph et al. 2000).

Work by Zhuang et al. (1993) showed some
interesting differences between lowland born Han
Chinese and highland born Tibetans studied in
Lhasa (3658 m). The Han had migrated to altitude in
childhood, adolescence or adulthood. They showed
the decline in HVR with length of residence at 
altitude as seen in Colorado altitude residents, but
the Tibetans, who had a higher HVR than the 
Han, showed very little decline with age. However,
Tibetans showed a paradoxical increase in ventilation
on breathing 70% oxygen, a response not seen in
Han subjects. Tibetan lifelong residents at 4400 m
when studied at 3658 m and compared with Tibetans
living there had blunted HVRs though their resting
ventilation was similar (Curran et al. 1995). Recently
the same team has looked at a group of men of mixed
Han–Tibetan parentage. They found that HVR was
decreased with time of residence at altitude, but that
resting ventilation did not decrease, as is the case with
Han subjects. They exhibited the same paradoxical
response to oxygen breathing as did Tibetan subjects
(Curran et al. 1997).

Beall and colleagues have compared Tibetan and
South American Aymara highlanders. They found
resting ventilation was roughly 1.5 times higher in the
Tibetans and HVR about double that of the Aymara.
They also found that the contribution of genetic dif-
ferences to the variance in ventilation was 35% in the
Tibetan population and nil in the Aymara. The fig-
ures for HVR were 31 and 21% respectively (Beall 
et al. 1997a; see also section 17.5.2).

17.4.3 Hemoglobin concentration

The increase in hemoglobin concentration at
altitude is one of the best-known adaptations to
altitude hypoxia. It is found in both acclimatized
lowlanders and lifelong residents at altitude. This is
discussed in detail in Chapter 8.
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In the Andes, some workers have found very high
hemoglobin concentration in residents (Talbott and
Dill 1936, Dill et al. 1937, Merino 1950) and sug-
gested that this is part of their long-term adaptation
to altitude. However, subjects may have been
included in these study populations who would now
be considered to have chronic mountain sickness or
Monge’s disease (Chapter 21). Other studies have not
found such high levels or a significant difference
between residents and acclimatized lowlanders
(Peñaloza et al. 1971). Frisancho (1988) reviewed the
published data and showed that hemoglobin concen-
tration values from mining areas in the Andes were
higher than from nonmining areas, and that if stud-
ies from nonmining areas were compared with those
from the Himalayas there was no significant differ-
ence. However, Beall et al. (1998) found Aymara
Andean high altitude natives to have hemoglobin
concentration significantly higher, by 3–4 g dL�1,
than Tibetans at a similar altitude. Normal values
were established by Vasquez and Villena (2001) in
natives to 4000 m in Potosi, Peru, and found to be
52.7 and 48.3% hematocrit and 17.3 and 15.8 g dL�1

hemoglobin for men and women respectively.
Villafuerte et al. (2004) modeled optimal values in
the Andean (hemoglobin 14.7 g dL�1) population
and concluded that other factors have influenced the
mean values which are higher and thus may not be
optimal for oxygen delivery. Leon-Velarde et al.
(2000) showed a gradual increase in erythrocytosis in
both men and women which was felt to be excessive
and thus not beneficially adaptive.

Much of the polycythemia persists in popula-
tions, both children and adults, who have low iron
stores. This phenomenon has been studied in Bolivia
(Cook et al. 2005), and nutritional intervention with
weekly iron supplementation has been found to 
be beneficial (Berger et al. 1997), but intervention
on a public health scale has not been universally
undertaken.

In the Himalayas and on the Tibetan plateau, res-
idents tend to have rather lower hemoglobin con-
centration than acclimatized lowlanders (Wu et al.
2005). As discussed in Chapter 8, it is thought that,
although a modest rise in hemoglobin concentration
(to perhaps 18.0 g dL�1) is advantageous, values
much above this level are probably detrimental. So
the Tibetans’ lower hemoglobin concentration val-
ues are considered to be evidence of better altitude
adaptation.

17.4.4 The carotid body and
chemodectoma

Chronic hypoxia causes an increase in the size and
weight of the carotid body. This was first reported in
high altitude Andean natives by Arias-Stella (1969).
He found the weight of the two carotid bodies in res-
idents of Lima to be just over 20 mg, whereas in alti-
tude residents they totaled over 60 mg. Heath and
co-workers found a similar increased weight of
carotid bodies in patients with chronic hypoxic lung
disease. They found a good correlation between
carotid body and right ventricular weight, suggesting
that a common correlation with hypoxia was the
cause of the hyperplasia (Heath 1986).

The principal cell involved in this hyperplasia is
the sustentacular (type II) cell with compression
and obliteration of clusters of chief (type I) cells.
This type of hyperplasia is similar to that seen in
systemic hypertension (Heath 1986).

Chemodectoma, a tumor of the carotid body, is
rare at sea level, but appears to be relatively common
at high altitude. In 1973 Saldana et al. reported its
occurrence in a higher proportion of Peruvian adults
born and living at 4350 m than in those living at
3000 m. All were benign and the incidence was higher
in women. An association between chemodectoma
and thyroid carcinoma has been noted in two
patients at 2380 m (Saldana et al. 1973). No cases of
chemodectoma have yet been reported from the
Tibetan plateau or the high Himalayan valleys.

17.4.5 Cardiovascular adaptations

Andean high altitude residents share with newcom-
ers the raised pulmonary artery and right ventricu-
lar pressure due to the hypoxic pulmonary pressor
response (Chapter 7), resulting in right ventricular
hypertrophy (Recavarren and Arias-Stella 1964).
Indeed, in Andean children at high altitude, the
usual involution of the muscular coat of the pul-
monary artery after birth does not take place, or does
so only partially, so that the pulmonary arteries, both
large and small, show far greater muscularization
than is normal in sea level residents (Saldana and
Arias-Stella 1963a,b,c, Huicho and Niermeyer 2006).

This finding of right ventricular hypertrophy,
continued muscularization of the pulmonary arter-
ies and raised pulmonary artery pressure in residents
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at high altitude should be regarded as a response to
high altitude rather than an adaptation, since there
is no evidence that it has any physiological benefit.
Indeed, it merely throws more strain on the right
heart.

The purpose of the hypoxic pressor response
in humans at sea level, apart from its vital role
in prenatal life, is presumably to redistribute blood
away from areas of the lung that are hypoxic because
of, for instance, atelectasis, and thus improve match-
ing of ventilation and blood flow in various clinical
situations. It would probably be beneficial to lose this
response at altitude, and the altitude-adapted yak
would seem to have done this (section 17.5).

Studies in Tibetan highlanders suggest that they
have achieved a similar adaptation to the yak and
do not have raised pulmonary artery pressures at
altitude and little rise on exercise (Groves et al.
1993) though the numbers studied were small.
Neither do they develop the structural changes in
their pulmonary arterial tree that are found in
Andean highlanders (Gupta et al. 1992). The inci-
dence of right ventricular hypertrophic signs in the
electrocardiograph (ECG) was found to be only
17% in Tibetans and 29% in Han Chinese at the
same altitude (Halperin et al. 1998). Lifelong resi-
dents also have an increase in the number of
branches to the main trunks of their coronary
arteries (Arias-Stella and Topilsky 1971) and pre-
sumed adaptation by angiogenesis to optimize per-
fusion to tissues that are chronically more hypoxic
(see Chapters 16 and 24).

Another adaptation of high altitude residents is
that, on exercise at altitude, their maximum heart
rate does not seem to be limited, as is the case for
acclimatized lowlanders, and they maintained the
presumably healthy heart rate variability both at
low altitude and upon re-ascent to high altitude,
also found in rats acclimatized to high altitude
(Melin et al. 2003). This is discussed more fully in
Chapter 7 and in relation to the adrenergic system
in Chapter 15. A study by Passino et al. (1996)
looked at the spectral analysis of ECGs of high alti-
tude residents compared with lowlanders at altitude.
The high altitude residents did not show the reduced
vagal tone seen in lowlanders, which may indicate
the mechanism which allows this higher maximum
heart rate in highlanders. These high altitude natives
maintained higher heart rate responses while run-
ning a marathon at 4220 m (Cornolo et al. 2005) as

well as after they had descended to low altitude
(Gamboa et al. 2001), suggesting a maintained 
sympathetic tone after the hypoxic stress had been
removed. Some genetic advantage must be conveyed
to high altitude natives of uninterrupted lineage, as
those high altitude inhabitants with Spanish admix-
ture demonstrated a greater decrease in VO2,max

when exercised at 4228 m than did pure natives to
these altitudes (Brutsaert et al. 2003).

One further curious finding is that Tibetans
demonstrate improved work economy (Marconi et al.
2005). In other words, they have been shown to
carry out workloads at a lower energy expenditure
than low altitude controls (Ge 1994, Curran et al.
1998, Marconi et al. 2005, 2006). The reasons for
such improvement is not fully understood but 
provide a fertile area for further investigation as
understanding such adaptation may provide
insight into more optimal functioning of patients
with a variety of diseases with impairment of oxy-
gen delivery.

17.4.6 Adaptation to cold

Cold is a feature of life at high altitude (section 3.8.1).
Further aspects of cold adaptation are considered in
Chapter 24.

17.5 ADAPTATION TO HYPOXIA OVER
GENERATIONS

Most of the adaptations to hypoxia that have been
shown in humans appear to develop during a life-
time of exposure. Even the blunting of the hypoxic
ventilatory response has been shown to develop in
people of lowland origin over a period of decades
(Weil et al. 1971). The lower hemoglobin con-
centration in Sherpa and Tibetan subjects has 
been suggested as an example of adaptation over
many generations in Tibetan stock, as is the blunted
hypoxic pressor response (below).

17.5.1 The hypoxic pulmonary pressor
response

Hypoxic pulmonary vasoconstriction to varying
degrees is a response universal to most mammals
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which has sparked the curiosity of many physiolo-
gists (Moudgil 2005, Reeves and Grover 2005,
Rhodes 2005). A better understanding of the cellular,
biochemical and genetic aspects of this response
has been unraveled over the last decade.

In animals, Harris (1986) has shown elegantly
that in cattle the pulmonary pressor response, or lack
of it, is genetically determined. The yak has little or
no response, whereas the cow has a brisk response.
The crossbred dzo has the blunted response of its yak
parent, but the second cross of dzo and bull produces
50% brisk and 50% low response offspring. That is,
the gene responsible for a low response is dominant
and the characteristic is inherited in a Mendelian
way. This vasomotor reactivity is mediated, in part,
by the production of nitric oxide in Tibetan high-
landers (Hoit et al. 2005), Tibetan sheep (Koizumi
2004), as well as in other animals, including the yak
(Ishizaki 2005). Presumably, a low response is an
advantage at altitude such that lower pulmonary vas-
cular resistance results in better cardiac output and
exercise capacity. A brisk response is a risk factor for
brisket disease (named after the brisket, the loose
skin at the animal’s throat). Thus, we have a true
adaptation achieved presumably by environmental
pressure selecting for the low response gene. Similar
adaptation has been found in the llama.

There is evidence that in populations of Tibetan
origin a similar adaptation may have taken place.
Jackson (1968) found little ECG evidence of pul-
monary hypertension in Bhutanese and Sherpa sub-
jects at altitude, in that their mean frontal QRS axis
differed by only 10 from healthy Edinburgh adults, in
contrast to both lowlanders and Andean residents at
altitude, who have marked right axis deviation due to
pulmonary hypertension (Chapter 7). Groves et al.
(1993) found pulmonary artery pressures and resist-
ance in five Tibetan subjects in Lhasa (3658 m) to be
within normal sea level values at rest and exercise.
This suggests that the Tibetan population demon-
strates genuine altitude adaptation, presumably by
natural selection over very many generations.

17.5.2 Arterial oxygen saturation

In 1994 Beall and her colleagues reported that the
level of Sa,O2 was influenced by a single gene in a
population of Tibetan women they had studied at
4850–5450 m (Beall et al. 1994). They later studied

another Tibetan population in the Lhasa region
(3800–4065 m) and calculated that this gene
accounted for 21% of the variance in Sa,O2 (Beall et al.
1997b). More recently the same group compared
Tibetan with South American Aymara women. They
found that the Tibetans had Sa,O2 on average 2.6%
higher than the Aymara, and also that whereas much
of the variance of Sa,O2 in the Tibetan women could
be attributed to genetic factors, no significant pro-
portion of the variance could be so attributed in the
South American population (Beall et al. 1999).
Therefore there is the potential for natural selection
towards higher Sa,O2 in the Tibetan but not in the
Aymara population.

Beall et al. (2002) reported an unusual adaptation
of Ethiopian highlanders at 3530 m who had a mod-
est polycythemic response (15.9 and 15.0 g dL�1 in
men and women, respectively) with surprisingly high
Sa,O2: approx. 95.3%. This is the first description of
this form of adaptation in a population which,
because of socio-political circumstances in the past,
is just beginning to be studied. Understanding of this
observation is yet to be unraveled.

17.6 DISEASES

It is clear from the biography of Yu-Thog the elder
(786–911), the physician–saint and founder of tradi-
tional Tibetan medicine, that a number of medical
conditions were known at high altitude from the ear-
liest times. These included lung disease, leprosy,
venereal disease, a ‘swelling of the throat’ (possibly
diphtheria) and rabies, as well as urinary retention
and stones in the urinary tract (Rinpoche 1973,
p. 72).

Travelers to Lhasa in the eighteenth and nine-
teenth centuries, such as Huc and Gabet (Pelliot
1928, vol. 2 p. 250), reported epidemics of smallpox
and in 1925 it was estimated that 7000 people died
in and around Lhasa from this cause. Because of the
prevalence of smallpox in Tibet, in the eighteenth
century the Chinese placed a tablet in Lhasa giving
instructions on how to curb the disease, and it was
also reported in south Tibet and Bhutan by Saunders
(1789) and in the Pamir (Forsyth 1875). The Tibetan
cure for smallpox was the skin of the ox and rhi-
noceros (Rinpoche 1973, p. 72), though a form 
of inoculation was used, apparently borrowed
from China and India (Das 1902). A kind of snuff

244 High altitude populations



prepared from the dried pustules of smallpox
patients was inhaled, which induced a mild form of
the disease, protecting the snuff taker from the
severe form as described by the Pandit A-K (Walker
1885). These conditions (smallpox, rabies, leprosy,
etc.) are not, of course, caused by altitude.

Gallstones, commonly perceived as a disease of
the developed world, is also a common problem in
high altitude populations. Commoner in women
than men, increased alcohol consumption is asso-
ciated with a lower risk (Moro et al. 1999).

17.6.1 Birth defects

Apart from congenital heart disease, considered in
the next section, a high frequency of other birth
defects has been noted by Castilla et al. (1999). In a
collaborative study from three hospitals situated
between 2600 and 3600 m in Bogota (Colombia), La
Paz (Bolivia) and Quito (Ecuador) they found a high
frequency of craniofacial defects, cleft lip, microtia,
pre-auricular tag, brachial arch complex, constric-
tion band complex and anal atresia; there was a low
frequency of neural tube defects, anencephaly and
spina bifida. The incidence of patent ductus arterio-
sus was not addressed.

17.6.2 Cardiovascular disease

CONGENITAL HEART DISEASE

Congenital cardiovascular malformations are com-
mon at altitude, with patent ductus arteriosus being
15 times commoner at Cerro de Pasco (4200 m)
than at sea level in Lima (Peñaloza et al. 1964).
Marticorena et al. (1959) reported an incidence of
0.72% of patent ductus arteriosus in children born
around 4300 m, compared with an incidence of
0.8% for all congenital heart disease at sea level.

In Xizang (Tibet), among the resident Tibetan
population the incidence of congenital heart disease
has been shown to range from 0.51 to 2.25%, with
patent ductus arteriosus being the most frequently
encountered abnormality (Sun 1985). The greater
the altitude the higher the prevalence; the highest
documented incidence (2.5%) occurred in Chinese
emigrants (Zhang 1985). Presumably the cause of

these high rates is the lack of a sudden increase in
oxygen levels in the few hours after birth which nor-
mally triggers the reduction in pulmonary vascular
resistance and the closure of the ductus.

ATHEROSCLEROSIS

Studies of populations in the Andes suggest that both
coronary artery disease and myocardial infarction are
uncommon amongst high altitude residents. No
cases were found in one series of 300 necropsies car-
ried out at 4300 m, and epidemiological studies in
South America have shown that both angina of effort
and ECG evidence of myocardial ischemia are less at
altitude than at sea level (Ramos et al. 1967). In the
Tibetan ethnic population of North Bhutan no
autopsy studies were available but angina seemed
uncommon, and, as judged by ECG recordings, evi-
dence of coronary artery disease was minimal.
Studies from the Tien Shan and Pamir also suggest
that degenerative cardiovascular disease is rare in
these regions (Mirrakhimov 1978).

In autopsy studies of 385 Tibetan adults living in
the Lhasa area, arteriosclerosis of the aorta and its
main branches occurred in 81.8% and of the coro-
nary artery in 65.5%. In Qinghai, coronary artery dis-
ease was common and autopsies on Tibetans showed
the same incidence as in lowlanders, but the inci-
dence of coronary infarction was low (Sun 1985).
Serum cholesterol levels were low in Andean
natives and in the Bhutanese high altitude group
studied; in the latter there was no progressive
increase with age (Jackson et al. 1966, p. 96).

Moderate altitude and presumably a more active
lifestyle of physical activity conveys some protec-
tion against obesity. A modernization of lifestyle in
some high altitude populations migrating to low
altitude with decreased activity is associated with a
higher prevalence of hypertension, obesity and car-
diovascular disease (Smith 1999, Cabrera de Leon
et al. 2004). Serum leptin levels, a marker as a risk for
cardiovascular disease, is usually lower in the active,
non-obese high altitude populations (Lindegarde 
et al. 2004). Even in the presence of relative obesity
(BMI � 30), an active lifestyle in Aymara natives of
Chile was associated with a low prevalence of type 
2 diabetes mellitus (Santos et al. 2001). Obesity per se
is also associated with pulmonary hypertension and
respiratory disturbances during sleep (Valencia-
Flores et al. 2004).
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HYPERTENSION

Hypertension is uncommon in high altitude popula-
tions in South America. In a study of 300 high alti-
tude natives in Peru no significant rise in either
systolic or diastolic pressure occurred with age. Of
individuals aged between 60 and 80 years in the same
area, few had a systolic pressure above 165 mmHg or
a diastolic pressure above 95 mmHg (Baker 1978).
There was no significant hypertension in ethnic
Tibetan populations of North Bhutan, and, of 70
individuals examined, levels of blood pressure above
165/90 mmHg were found in 4%. Hypertension was
not found in a Sherpa population studied in north-
east Nepal nor in populations studied in the Tien
Shan or Pamir. In an Ethiopian group, a slightly
higher systolic pressure was found in males. By
contrast, Sun reports (1985, 1986) a relatively high
incidence of hypertension among indigenous
Tibetans. He also found an age-associated increase
in blood pressure. There was no tendency for
hypertension to decline at higher altitudes and the
blood pressure was higher in women than in men.
The incidence was greater in the urban population
around Lhasa than in rural populations. Similar
observations have been made in Tibetans living 
in high altitude areas of western Szechuan. How-
ever, Han (Chinese) immigrants to Tibet showed a
lower incidence of hypertension than did the
Tibetans. In Qinghai province (which contains the
northeastern part of the Tibetan plateau) the inci-
dence of hypertension appears to be lower than in
Xizang.

The incidence of hypertension and lack of rise in
blood pressure with age in the South American and
Himalayan populations studied may be the product
of diet and behavior associated with a traditional
lifestyle. The cause of hypertension among Tibetans
is not clear. On the plateau, obesity is uncommon
and traditionally few smoke (though this is chang-
ing). However, they do have a very high intake of salt,
estimated at up to 1 kg per month, much of it taken
in their tea. They also add yak butter, which is often
slightly rancid. In the Bhutanese and Sherpa varieties
of ‘Tibetan’ tea neither the salt nor the butter content
appears, by taste, to be as high. In all houses and
nomad dwellings there is a continuous supply of this
tea, which is offered to every visitor. Even when they
have migrated to low levels, Tibetans still drink large
quantities of it and may become very obese. The high

salt and butter intake may be a factor in the high inci-
dence of hypertension in Tibetans.

However, a 15-year survey of Tibetan native high-
landers living on the Tibetan plateau showed a low
incidence of systemic hypertension. A total of 7797
men and 8029 women were studied. Just over 2% of
this group had hypertension compared with over 4%
of Chinese immigrants to Tibet. The intake of salt
varied. Tibetans in Zadou county (4068 m) had the
highest intake with an average of 14.6 g day�1 and
an incidence of hypertension of 3.48%. In Zhidou
county (4179 m) the average salt intake was 2.2 g
day�1 and hypertension was found in 2.62% (Wu
1994a). By contrast, in lowland Chinese the incidence
of hypertension is 7.9% (Liu 1986).

17.6.3 Infection

Direct exposure to increased solar radiation inhibits
the growth of some bacteria because of the ultravio-
let component of sunlight. Staphylococcus aureus is
greatly inhibited, but Escherichia coli is more resistant
(Nusshag 1954). The number of bacteria in ambient
air decreases with altitude, and a study on the
Jungfraujoch (3400 m) in Switzerland showed that,
despite a large number of tourists, few bacteria were
present in the air.

High altitudes do not influence human bacterial
flora per se. However, a lower incidence of many
common infections of bacterial, viral and protozoal
origin was observed in soldiers at altitudes up to
5538 m (Singh et al. 1977). Examination of nasal
swabs in a high altitude population in north Bhutan
showed that there was only a 4% carrier rate of coag-
ulase positive staphylococci; normally the incidence
is between 29 and 40% in Western communities. A
high frequency of β -hemolytic streptococci, highly
sensitive to penicillin, was found in throat cultures,
whereas in Western communities sensitivity to peni-
cillin would be minimal (Selkon and Gould 1966).

In the highlanders of Peru, Colombia and
Ecuador, oroya fever is found, which is caused by
Bacillus bacilliformis becoming parasitic in the red
blood cells.Various hemorrhagic fevers are described
in the highlands of Bolivia. These are considered to
be viral in origin, the virus belonging to the same
group as that which causes lassa fever. Hemorrhagic
disorders have also been described in north-eastern
Nepal.
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Mosquitoes, which transmit malaria and yellow
fever, are absent at high altitude, but typhus appears
to be commoner than at lower levels. This may be
because bathing is not usual at higher altitudes,
because of the cold, and so lice are common.

Pulmonary disease also appears common at
altitude and this in part may be related to the expo-
sure of highlanders to the smoke from open fires
inside their houses or tents. In Xizang (Tibet) the
incidence of chronic bronchitis was 3.7% in a low
altitude population and 22.9% in a population at
4500 m. This was complicated by emphysema in
5–12% of cases and by cor pulmonale in 0.98%
(Sun 1985). In Qinghai province, chronic obstruc-
tive airway disease is relatively common but smok-
ing is prevalent, particularly amongst immigrants
to high altitude. In the Pamir too, respiratory
infections were noted by Forsyth (1875), though
they seem less common now.

In Nepal and throughout the subcontinent,
pulmonary tuberculosis was relatively common,
whereas in Ethiopia it was rare. In Ethiopia the
major communicable diseases were measles,
malaria, dysentery, scabies and syphilis, and the total
incidence of communicable disease was greater in
the low altitude population (Harrison et al. 1969).

In northern Bhutan, respiratory infections
appeared to be commoner in the younger age groups
but were rare in adults; antibodies to a number of
common viral infections were found. A high pro-
portion of the population had been exposed to
influenza, mumps, measles, herpes simplex and the
common cold (Jackson et al. 1966, p. 96); in Lhasa,
other parts of Tibet and the Pamir, measles epi-
demics with a high mortality have been reported.

Leprosy occurs in Nepal and Bhutan (Ward and
Jackson 1965) and was reported in Tibet in the nine-
teenth century (Das 1902) and in the western
Himalayas (Moorcroft and Trebeck 1841, Vol. 1,
p. 180). The incidence of venereal disease appears to
have been high in Lhasa (Chapman 1938), south
Tibet and Bhutan (Saunders 1789) and in the Pamir
(Forsyth 1875). Where large flocks of sheep are
found, as in Qinghai province, hydatid disease is com-
mon. European travelers in Central Asia (Deasy 1901,
Grenard 1904, p. 249) have also mentioned plague.

Chronic eye infections are seen in the popula-
tions of the Pamir, Himalayas and Tibetan plateau;
the smoke of yak dung fires exacerbates them.
Instruments for the treatment of cataract were

available to those who practiced traditional Tibetan
medicine; in general, surgery was not commonly
carried out.

In summary, where certain infections are com-
mon they are due to the low living standards of the
people rather than to altitude per se.

17.6.4 Goiter

The frequency of goiter in mountainous areas has
been recognized for centuries, but it is not confined
to the mountains, and over 200 million people
worldwide have goiter (Fig. 17.1). Iodine deficiency is
due to low iodine content of the soil and therefore the
water. Soils poor in iodine are found where the land
remained longest under quaternary glaciers. When
the ice thawed, the iodine-rich soil was swept away
and replaced by new soil derived from iodine-poor
crystalline rocks. Seaweed, which is rich in iodine,
and other folk remedies have been used since ancient
times for prophylaxis and treatment (Hetzel 1989).
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Scientific proof that goiter was due to iodine defi-
ciency was not available until Marine and Kimball
(1920) published a controlled trial in high school
children in Akron, Ohio. They showed a reduction in
the size of goiters and prevention of their develop-
ment in children treated with iodine. Iodine defi-
ciency causes hyperplasia and retention of colloid in
the thyroid, resulting in goiter and, eventually,
hypothyroidism in adults. Children born to iodine-
deficient mothers have a range of neurological and
skeletal defects known collectively as cretinism, an
association noted for centuries. This term covers a
range of clinical conditions which seem to vary in fre-
quency and importance from locality to locality and
includes dwarfism, goiter, facial dysmorphism, deaf-
ness, deaf mutism and intellectual impairment. In
populations with goiter, the overall work capacity of
the population may be impaired, as, in addition to
cretinism, there is a marked morbidity, infant mor-
tality is raised and mental subnormality common.

Iodine deficiency may result from insufficient
intake, goitrogenic substances and deficiency in
intrathyroidal enzymes; an excess of calcium or fluo-
ride in the presence of iodine deficiency may increase
the incidence of goiter. McCarrison (1908 1913) car-
ried out a classical study of goiter and endemic cre-
tinism in the Gilgit Agency of Kashmir (Karakoram),
and more recently Chapman et al. (1972) worked in
the identical area. In 1906, McCarrison found a goi-
ter incidence of 65%; in Chapman’s study it was 74%.
In the latter study 10 of 589 individuals examined
were cretins, and hypothyroidism, excluding cre-
tinism, was found in 24 subjects. Although the popu-
lation as a whole appeared to be iodine deficient, the
majority had adapted well. No evidence was found
that goiter was caused by an infectious agent, a the-
ory put forward by McCarrison.

The incidence of goiter may vary widely within a
few miles; some 100 miles (160 km) north of Gilgit
where goiter was endemic, it was not observed in the
semi-nomadic Kirghiz tribesmen who inhabit the
Pamir plateau of southern Xinjiang. Direct question-
ing of the nomads revealed that they knew about goi-
ter but they were adamant that there was no history
of its occurrence amongst them (Ward 1983), though
Marco Polo noted a large population of people with
goiter in Yarkand (Shache) as did Forsyth (1875).
However, hearsay evidence is notably unreliable.
Anecdotal evidence of goiter in other regions of the
Himalayas, the Shimshall region of the Karakoram,

and west Bhutan, suggests also that the incidence
may vary considerably within a few miles (Saunders
1789, Shipton 1938).

Moorcroft and Trebeck (1841, Vol. 2), while trav-
eling in the western Himalayas and on the Tibetan
border, comment on goiter that, ‘scarcely a woman
was free from it’ (p. 25). Later they say, ‘Goiter was
here very common: the water was soft whilst at Gonh
it was too hard to mix with soap: but so it was at Le
where goiter does not prevail’ (p. 30). Fraser (1820)
alludes to surgical removal.

We understand it [goiter] was sometimes cured
when early means were taken, and these are
said to consist in extirpation of the part by the
knife. We saw some persons who had scars on
their throat resulting from this mode of cure
which had in these instances been completely
successful.

Waddell (1899), in a village where goiter was
prevalent, writes, ‘I was surprised to see that several
of the goats and the domestic fowls, as well as some
of the ponies, had the same large swellings’.

According to Dr Sun Sin-Fu (personal communi-
cation), in Lhasa, about 60% of Tibetan indigenous
inhabitants have goiter. Das (1902) commented too
that Tibetan physicians recognized six varieties of
goiter. Rockhill (1891, p. 265) also observed goiter,
particularly in women in eastern Tibet, and other
travelers noted the condition in northern Tibet
(Bonvalot 1891, p. 116) and in the gorge country of
south-east Tibet (Bailey 1957). The incidence of
goiter in Himalayan valleys is high, and in the
Tibetan ethnic population of north Bhutan it was
the commonest clinical condition. In subjects less
than 20 years old it was less marked, and younger
individuals had a diffuse enlargement, whereas with
age a nodular goiter was more common. No cases of
cancer or thyrotoxicosis were seen, and two cretins
were found in 349 individuals examined. The inci-
dence of goiter was 60% in females and 19% in males
(Jackson et al. 1966, pp. 40–4).

Ibbertson et al. (1972), in a survey of Sherpas
(also of Tibetan ethnic origin) in the Sola Khumbu
region of north-eastern Nepal, found that 92% had a
palpable goiter, which was visibly enlarged in 63%;
75% had below normal protein-bound iodine
levels in the blood and 30% were clinically hypothy-
roid. Classical myxedema was present in 5.9% of the
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population, deaf mutism in a further 4.7% and iso-
lated deafness in a further 3.1%. Pitt (1970) describes
Nepalese babies born with goiter. In many of these
areas the incidence of goiter is much lower now after
various projects for giving iodine by tablets or depot
injections have been carried out. In a survey carried
out in 1980–81 in Ethiopia, the gross goiter preva-
lence was found to be 30% among schoolchildren
and 19% in household members (Wolde-Gebriel 
et al. 1993).

17.6.5 Sickle cell disease

Adzaku et al. (1993) reported on 136 patients resi-
dent at about 3000 m in Saudi Arabia and compared
them with 185 patients living at sea level. Patients at
both locations included those with homozygous dis-
ease (Hb SS), hemoglobin C (Hb SC) and sickle cell
trait (Hb AS). The main finding was a marked
increase in 2,3-diphosphoglycerate (2,3-DPG) in
patients with sickle cell disease compared with nor-
mal controls at altitude and patients at sea level.
Their hemoglobin concentration was not different

from sea level patients; they were anemic, with values
around 8.0–9.0 g dL�1. Sickle cell patients resident at
low altitude have a high risk of crises on going to alti-
tude (section 27.4.3). Adzaku et al. (1993) attribute
the relative well being of their patients at altitude to
their high 2,3-DPG, which, at this relatively modest
altitude, would help tissue oxygenation, in contrast to
the situation at extreme altitude (Chapter 12).

17.6.6 Dental conditions

There is no evidence that altitude has any direct effect
on the teeth but the economic conditions, dictated in
part by altitude, may well affect diet and hence dental
condition. Generally, the diet of high altitude popu-
lations contains less refined sugars and more fiber,
giving fewer caries than a more ‘Western’ diet. Green
(1992) reported a much higher incidence of caries
amongst Sherpa children along the popular trekking
routes in Nepal (76%) than in villages off the routes
(17%). The latter had not had the ‘benefit’ of cadging
sweets from generous but misguided tourists.
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SUMMARY

Acute mountain sickness (AMS) commonly afflicts
otherwise healthy men and woman who go rapidly
to altitude. Symptoms, which come on a few hours
after arrival, include headache, anorexia, nausea,
vomiting, lack of energy, malaise and disturbed
sleep. Symptoms can occur as early as 8–24 h upon
acute ascent to a new high altitude location but are
usually worst on the second and third days at altitude
and usually disappear by the fifth day. Symptoms
may reappear on ascent to a higher altitude. This
common self-limiting condition is termed AMS.
Two other forms of AMS are high altitude pul-
monary edema (HAPE) and high altitude cerebral
edema (HACE) which are the subject of Chapters 19
and 20. These are potentially lethal.

The incidence of AMS depends upon the rate of
ascent and the height reached. It is uncommon
below 2000 m but is almost universal among those
flying directly to altitudes above 3800 m. It occurs
in both sexes and at all ages. Fitness confers no pro-
tection, and so far no physiological measurement
gives reliable prediction of susceptibility for AMS.
Strenuous exercise on arrival at altitude is a risk fac-
tor especially for HAPE. The mechanism underlying
the symptoms is still debated, but cerebral edema is

present in cases of AMS and causes most of the 
clinical symptoms. The edema is probably due to
vasogenic mechanisms in which cerebral blood flow
and permeability play a part. Abnormal fluid and
sodium retention has been associated with AMS.
Blunted ventilatory responses to hypoxia and the
subsequent decrease in oxygen saturation have been
found in some studies of AMS. Subclinical pul-
monary edema and its subsequent effect on gas
exchange may also play a greater or lesser role in the
evolution of AMS.

Though there is debate about the mechanisms of
AMS, there is a consensus about its management.
AMS can be prevented or ameliorated by a slow rate
of ascent which allows for normal acclimatization to
occur and by drugs, of which acetazolamide is the
best studied and most widely used while dexa-
methasone has also been shown to be quite effective
in preventing and treating AMS. Treatment is hardly
needed in the majority of cases, but ibuprofen and
dexamethasone have been shown to be effective in
the relief of headache; acetazolamide is also helpful
as treatment and improves blood gases.

A scoring system for AMS has been devised, the
Lake Louise system, which is recommended for
research into AMS. It is described at the end of the
chapter.



18.1 INTRODUCTION

It has been known for many years that travelers to
high mountains experience a variety of symptoms,
an early description of which was by de Acosta
(Chapter 1.3). But the first modern account of acute
mountain sickness (AMS) was by Ravenhill (1913).
He pointed out that fatigue, cold and lack of food
complicated previous descriptions by explorers
and mountain climbers. He was serving as a med-
ical officer of a mining company whose mines at
4700 m in Chile were served by a railway so that the
patients he observed were suffering the uncompli-
cated effects of altitude alone. The local Bolivian
name for AMS was puna or in Peru soroche. Tibetan
names for AMS include ladrak (poison of the pass),
damgiri, duqri, yen chang (from the Koko Nor
region), chang-chi (from Szechuan) and tuteck.
Ravenhill’s description of simple AMS, which he
calls puna of the ‘normal’ type, can hardly be bet-
tered. He wrote:

It is a curious fact that the symptoms of puna
do not usually evince themselves at once.
The majority of newcomers have expressed
themselves as being quite well on first arrival.
As a rule, towards the evening, the patient
begins to feel rather slack and disinclined for
exertion. He goes to bed but has a restless
and troubled night and wakes up next morn-
ing with a severe frontal headache.

There may be vomiting, frequently there is a
sense of oppression in the chest but there is
rarely any respiratory distress or alteration in
the normal rate of breathing so long as the
patient is at rest. The patient may feel slightly
giddy on rising from bed and any attempt at
exertion increases the headache, which is
nearly always confined to the frontal region.
(Ravenhill 1913)

To this description should be added the symptoms
of irritability and occasionally photophobia. Sleep 
is often disturbed, probably because of periodic
breathing. The patient may wake with a feeling of
suffocation during the apneic phase. It should be
noted, however, that periodic breathing is not a
symptom of AMS. At altitudes above 5000 m, it con-
tinues in many subjects long after any symptoms of

AMS have resolved, and there is no correlation
between its severity and AMS scores (Eichenberger
et al. 1996). It is not a cause of AMS though its pres-
ence, by causing more severe intermittent hypoxia,
may make matters worse. Ravenhill then goes on to
describe puna of the cardiac and nervous types, cor-
responding in our present nomenclature to acute
pulmonary edema and acute cerebral edema of high
altitude (section 18.2).

After Ravenhill, although mountain sickness was
well recognized, the distinction and importance of
the two complicating forms seem to have been lost,
at least in the English-speaking world until redis-
covered by Houston (1960) and Hultgren and
Spickard (1960) in the case of high altitude pul-
monary edema and by Fitch (1964) for high altitude
cerebral edema. However, high altitude pulmonary
edema was well known to South American physi-
cians with experience at altitude. Lizárraga (1955)
gave the first detailed description of the condition
after Ravenhill. A fuller account of the history of
AMS is given in West (1998).

18.2 DEFINITIONS AND NOMENCLATURE

The terms puna and soroche are used loosely in
South America, not only for the symptoms of acute
mountain sickness but also for the dyspnea normal
to exertion at high altitude (Ravenhill 1913). They
are also used for chronic mountain sickness, a com-
pletely distinct clinical entity (Chapter 21). The term
‘mountain sickness’ needs to be qualified by the
word ‘acute’ to distinguish it from this latter entity;
the term ‘acute mountain sickness’ (AMS) is now
well accepted for this condition or group of condi-
tions. Finally, there is the recently described high
altitude pulmonary hypertension affecting either
infants or adults (Chapter 21).

Severe and potentially fatal altitude illnesses
include high altitude pulmonary edema (HAPE,
Chapter 20), and high altitude cerebral edema
(HACE, Chapter 19).

18.2.1 Definition, signs and symptoms

AMS may be defined as a self-limiting condition
affecting previously healthy individuals going rap-
idly to high altitude. After arrival there may be an
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asymptomatic period, but then within 6–24 h symp-
toms, including headache, anorexia, nausea, vomit-
ing, fatigue, light-headedness and sleep disturbance
can start gradually and peak usually on the second
or third day. By the fourth or fifth day symptoms are
usually gone and do not recur at that altitude. The
Lake Louise scoring system (section 18.8) requires
mild headache and at least one of the above symp-
toms to make the diagnosis as well as a score of three
or more. There must be a history of recent height
gain and (if altitude is reached abruptly as by air 
or cable car) several hours must elapse before the
symptoms begin. The diagnosis is made on the his-
tory, and there may be no signs. However, physical
examination may reveal crackles in the chest and
peripheral edema. According to Hackett and Rennie
(1979), the proportions of cases showing these signs
were 23% and 18%, respectively. Mild fever may be
present. Maggiorini et al. (1997) found a rise in
body temperature of 0.5°C in mild cases (AMS
score �3), 1.2°C in more severe cases of AMS (score
�3) and 1.7°C in cases of HAPE; whereas, Loeppky
et al. (2003) found a slight decrease in temperature
with symptoms of AMS with no change in meta-
bolic rate. Early speech impairment may also be an
early sign of AMS (Cymerman et al. 2002.) With the
advent of small portable pulse oximeters, Sa,O2 can
be measured easily, and this value is often low in
both patients with AMS and in subjects who will
subsequently develop AMS (section 18.4.8).

Ascent to a higher altitude, even after acclimati-
zation at a lower altitude, may precipitate a further
attack. Descent and re-ascent after less than 7–10 days
does not usually provoke symptoms, but descent for
more than about 10 days renders the subject suscep-
tible to AMS on re-ascent. The period of risk for
AMS, therefore, corresponds with the period before
acclimatization has taken place.

18.3 INCIDENCE OF AMS

The incidence of AMS depends upon the rate at
which people ascend to altitude and the height
reached as well as the exact definition of the condi-
tion. The lowest altitude at which some indivi-
duals can be affected is as low as 2000 m, the height
of many ski resorts. Rapid ascent to 3100 m, for
instance by the railway to the Gornergrat, in
Switzerland or by road to Leadville, Colorado,

produces symptoms in a proportion of people by
the next morning. Hackett and Rennie (1979) found
an overall incidence of 43% in trekkers reaching
the aid post at Pheriche (4343 m), though some
affected trekkers would have dropped out before
reaching this altitude. Among those who flew into
the airstrip at Lukla (2800 m), the incidence was
higher than among those who walked all the way
(49% versus 31%). Maggiorini et al. (1990) found
an incidence in climbers to European alpine huts
of 9% at 2850 m, 13% at 3050 m and 34% at
3650 m. Pilgrims to 4300 m to a sacred lake in Nepal
incurred a 68% incidence of AMS and 31% inci-
dence of HACE (Basnyat et al. 2000). Frequent
exposures to altitude reduce the risk of AMS and
were found to increase the chance of reaching the
summit on Aconcaqua at 6962 m (Pesce et al.
2005). Similar data were generated at the Capanna
Margherita Hut at 4559 m where individuals had a
much lower risk of AMS with a history of previous
exposures or slow ascent (Schneider et al. 2002). A
study of a general tourist population arriving at
resorts in Colorado at altitudes of 1900–2940 m
found an incidence of 25% (Honigman et al. 1993).
Among lowlanders who drive directly from Lima to
Cerro de Pasco (4300 m) in Peru or who fly to La
Paz in Bolivia (3700 m), there are very few who do
not have at least mild symptoms on the morning
after arrival. Murdoch (1995) reported an incidence
of 85% in tourists flying into the airstrip at
Shayangboche (3800 m) in Nepal. However, if the
stay at altitude is only an hour or two, the incidence
of AMS is negligible. This is the case, for instance,
for the great majority of tourists who drive or take
the train to the summit of Pike’s Peak, Colorado
(4300 m). It is important to note that over the last
three decades increasing awareness of AMS from
education has led to a lower incidence of AMS
(Gaillard et al. 2004, Vardy et al. 2005).

18.4 ETIOLOGY OF AMS

18.4.1 Individual susceptibility

The etiology of AMS is multifactorial. The most
important factors are the rate of ascent and the
height reached. Symptoms can be induced in almost
all subjects if ascent is made rapidly to a sufficient
height, but for any given altitude/time profile there
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is great variation in individual susceptibility, but
individuals with a previous history of AMS are more
likely to experience it again.

18.4.2 AMS and fitness

There is no easy way to identify the susceptible
individual as Ravenhill (1913) says:

There is in my experience no type of man of
whom one can say he will or will not suffer
from puna. Most of the cases I have instanced
were young men to all appearances perfectly
sound. Young, strong and healthy men may be
completely overcome. Stout, plethoric individ-
uals of the chronic bronchitic type may not
even have a headache. I have known several
instances of this even when the persons have
taken no care of themselves. (Ravenhill 1913)

Certainly athletic fitness provides no immunity.
A superbly fit French paratrooper on a family trek
to Everest Base Camp had to be evacuated to lower
altitude with severe symptoms of AMS while his
mother and aunt were unaffected. One study found
no correlation between fitness as measured by
VO2,max before an expedition to Mount Kenya and
AMS symptom scores during the first days at alti-
tude (Milledge et al. 1991a). Bircher et al. (1994) in
a study of 41 mountaineers, who went to 4559 m in
the Alps in 20–22 h, found no correlation between
a measure of fitness (PWC170) and AMS scores,
and Savourey et al. (1995) similarly found no cor-
relation between VO2,max and subsequent AMS on
an Andean expedition. Thus, while common sense
dictates that fitness may provide a margin of safety
in any mountaineering situation, it won’t convey
protection from altitude illness.

18.4.3 Consistency in response to
altitude

Individuals respond reasonably consistently, so that
performance on one occasion is a guide to future
performance. This clinical impression has been
confirmed in a study by Forster (1984), who stud-
ied workers at Mauna Kea observatory in Hawaii,
situated at 4200 m. These workers alternated 5 days

at the observatory with 5 days at sea level so that
Forster was able to score the symptoms of AMS in
18 men on two altitude shifts. He showed that the
rank order of scores correlated significantly on the
two occasions. There is a tendency to acclimatize
better on each subsequent trip to altitude.

However, there are numerous exceptions and
case histories do show anomalies. For instance,
someone who has had little trouble on the first two
trips may develop AMS on a third. A respiratory or
some other infection may be an added factor in
such cases or may be mistaken for AMS (Bailey et al.
2003). Predictability of incurring altitude illness is
greater in the case of individuals who have had
HAPE than AMS.

18.4.4 AMS, gender, age and body build

Both men and women are at risk. One study (Kayser
1991) of trekkers going over the Thorong pass in
Nepal (5400 m), found women to have a higher
rate of sickness than men (69% versus 57%), but
perhaps women are more ready to admit to symp-
toms than men. The young are probably at greater
risk than the old (Hackett et al. 1976, Roach et al.
1995) and the risk among boys, at least of HAPE,
seems especially high in South America (Hultgren
and Marticorena 1978). However, Yaron et al. (1998)
found a similar incidence of benign AMS in young
children to that in adults. Subjects slimmer than
average (body mass index �22) may be less suscep-
tible to AMS than those who are standard or obese
according to one study (Hirata et al. 1989); Kayser
(1991) also found obesity to be a risk factor in men.

18.4.5 Smoking, diet and AMS

There has been an impression amongst moun-
taineers that smokers have less AMS than nonsmok-
ers, perhaps because, being habituated to a modest
level of carboxyhemoglobin they have, in effect, some
pre-acclimatization. A recent chamber study (Yoneda
and Watanabe 1997) seems to confirm that, at least
for very acute, severe hypoxia, smokers had fewer
symptoms, though their time of useful consciousness
was not different from that of nonsmokers.

A high carbohydrate diet has some physiological
benefit at altitude (section 14.8.1) and is preferred
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by many mountaineers, but does it reduce AMS? In
a chamber study of 19 subjects given either a high
(68%) or normal (45%) carbohydrate diet for 4
days before altitude exposure for 8 h, Swenson et al.
(1997) found that there was no difference in the
AMS scores between the two diets.

18.4.6 AMS and hypoxic ventilatory
response (HVR)

There is some evidence that subjects with a low
HVR (Chapter 5) measured at sea level are liable to
develop AMS. The association has been shown by
measurements of the response to acute hypoxia 
in the laboratory in studies of a few subjects
(Lakshminarayan and Pierson 1975, Hu et al. 1982,
Matsuzawa et al. 1989). In the last study, two of the
10 subjects had HVRs within the normal range.
Richalet et al. (1988) studied a large group of
climbers before they went on various expeditions to
the great ranges. They found that a low ventilatory
and cardiac response to hypoxia on exercise were
risk factors for AMS. The same group recently
reported a single case of high susceptibility in a
subject who had had radiation to his neck as a child
and had a very low HVR (presumably because of
damage to his carotid bodies). He suffered severe
AMS at only 3500 m (Rathat et al. 1993). However,
a number of more recent studies in the field have
failed to find a correlation. Two prospective studies
found no correlation between HVR measured
before going to altitude and symptom scores for
AMS after arrival (Milledge et al. 1988, 1991b).
Savourey et al. (1995) also reported no correlation
with HVR measured before an Andean expedition
and subsequent AMS. Interestingly, they did find
that resting PO2 at sea level or at simulated altitude
was predictive for AMS. Selland et al. (1993) found
that two of four subjects with a history of HAPE
had HVRs greater than their control subjects’ mean
value. Hackett et al. (1987) in a study of 106
climbers on Mount McKinley found that, whilst a
low Sa,O2 predicted the likely development of AMS,
there was no good correlation between HVR and
Sa,O2 on arrival at altitude. Hohenhaus et al. (1995)
found that compared with control fit subjects, HVR
was significantly lower in subjects who developed
HAPE but not in subjects with AMS. Highlanders
who generally have less AMS than lowlanders 

have a blunted HVR (section 5.5.2). Interestingly,
Hackett et al. (1988b) found low HVR values at alti-
tude in patients with HAPE. Some had hypoxic
depression of ventilation, which was relieved by
oxygen breathing. On the other hand, Bartsch et al.
(2002) did not note a relationship between HVR,
measured at sea level, and subsequent AMS upon
ascent to 4559 m but did document that those who
did not raise their HVR on the first day had a
higher incidence of AMS. After the initial increase
in ventilation upon exposure to hypoxia, ventila-
tion decreases back toward baseline within
20–30 min (hypoxic ventilatory depression, HVD).
Burtscher et al. (2004) studied this poikilocapnic
ventilatory response after 20–30 min of hypoxia in
AMS-susceptible individuals and found that AMS
was predicted in 86% subsequently exposed to high
altitude. In conclusion it would seem that whilst
susceptibility to HAPE is associated with a low
HVR, susceptibility to AMS is not.

18.4.7 AMS and hypoxic vascular 
pressor responses

Hypoxia elicits complex vasomotor responses which
result in improved blood flow and thus oxygen
delivery to tissues while causing a vasoconstrictor
response in the pulmonary vasculature.

So far as the pulmonary vasculature, a brisk
increase in pressure in response to hypoxia is a risk
factor for HAPE and is discussed in Chapter 19
(Hultgren et al. 1971, Kawashima et al. 1989). The
finding that nifedipine which, by lowering the 
pulmonary artery pressure, is protective of HAPE
does not protect from AMS (Hohenhaus et al.
1994) makes the relationship of HPVR and AMS
unlikely.

On the other hand, using spectral analysis of the
R–R interval and blood pressure (BP) variability
the systemic vasculature and its autonomic regula-
tion has been studied in 41 mountaineers at low
altitude and 4559 m. AMS symptoms correlated
consistently with a higher proportion of BP vari-
ability, suggestive of a marker for increased sympa-
thetic tone and susceptibility to AMS. This finding
may provide insight into subtle differences in
inherent characteristics of AMS-susceptible 
individuals.
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18.4.8 Oxygen saturation and AMS

Although hypoxia is not the immediate cause of the
symptoms of AMS, the severity of hypoxia is impor-
tant since the incidence increases with altitude. It is
perhaps not surprising therefore, that a number of
studies have shown a correlation between Sa,O2 and
AMS (Bircher et al. 1994, Roach et al. 1998). In the
study by Bircher et al. (1994) subjects traveled to the
Capanna Margherita (4559 m) by helicopter, and 
the saturations were measured on the second day
when AMS symptoms were at their height. Some
subjects had overt HAPE, and no doubt others had
subclinical edema. In the study by Roach and col-
leagues (1998), 102 climbers on Mount Denali were
studied at Base Camp (4200 m) and then questioned
about AMS symptoms on their return from their
summit bids. The Sa,O2 measured before climbing
from Base Camp correlated with subsequent AMS
scores. Thus, a low Sa,O2 on arrival at altitude is a
good predictor for the later development of AMS.
The authors comment that the reason for the low
Sa,O2 in these subjects could be either hypoventila-
tion or impaired gas exchange. However, Bircher 
et al. (1994) did not find a difference in Pa,CO2

between those with and without AMS and the col-
lected results from over 90 subjects from a number of
studies at this location by Bärtsch (personal commu-
nication) gave the same finding. However, other stud-
ies, mostly taking measurements earlier in altitude
exposure, did find evidence of hypoventilation and
higher PCO2 in AMS subjects (section 18.5.2). Erba et
al. (2004) studied subjects during sleep upon ascent
to 4559 m and did not find a correlation between
AMS and hypoventilation but did find one between
the degree of nocturnal hypoxemia and AMS.

Another way of looking at the possible gas
exchange abnormality was studied by Ge et al.
(1997) who measured pulmonary diffusing capac-
ity for carbon monoxide (DCO) in a group of 32
subjects at 2260 m and after ascent to 4700 m. In
non-AMS subjects there was an increase in DCO 
at the higher altitude whilst in AMS patients the
increase was insignificant. They also showed lower
vital capacity, reduced expiratory flow in the mid-
dle of their forced vital capacity (FVC) and greater
(A–a)O2 gradient. These differences were thought
to be due to subclinical pulmonary edema. Pollard
et al. (1997) also found reduced FVC and forced
expiratory volume in 1 s (FEV1) at altitude and a cor-
relation between these indices of lung function and

arterial saturation. Probably a degree of subclinical
pulmonary edema is common during the early days
at altitude which is consistent with the findings of
radiographic evidence of pulmonary edema in some
well-trained cyclists after an endurance ride at mod-
erate altitude (Anholm et al. 1996).

18.4.9 Exercise and AMS

AMS can and frequently does occur in the absence
of any exercise as in chamber experiments or with
only gentle walking short distances, as in helicopter
transport to a mountain hut or a flight to La Paz,
Bolivia. But until recently we could not answer the
question of whether subjects climbing on foot to
altitude would be more or less likely to have AMS
than those who arrived there by air or motor trans-
port given the same rate of ascent. Obviously, most
people who fly to altitude have a more rapid height
gain than those who walk and therefore more
AMS. Again, the advice to people on arrival at alti-
tude is to avoid exercise for some time but there are
little hard data to support this. Bircher et al. (1994)
did not find any difference in the incidence of AMS
in relation to intensity of work (as assessed by heart
rate) in groups of subjects who climbed to the
Capanna Margherita. However, as the authors say,
their study was not designed to look at this relation-
ship, and the differences in exercise rates were not
great. Roach et al. (2000) carried out a cross-over
trial in which seven subjects were exposed to approx-
imately 4800 m altitude equivalent in a chamber for
10 h on one occasion with, and on another without,
four bouts of 30 min of 50% of altitude-specific
exercise. The AMS scores were significantly higher
during the exposure with exercise. This one study
lends some credence to the time-honored advice to
avoid strenuous exercise in getting to and on arrival
at altitude, in order to avoid AMS. The same advice is
probably even more pertinent in relation to HAPE
where exercise raises pulmonary artery pressure and
increases the risk of HAPE.

18.5 MECHANISMS OF AMS

18.5.1 Fluid balance and AMS

Clearly, hypoxia is a crucial starting mechanism for
AMS but it is not the direct cause of symptoms.
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Within a few minutes of exposure to high altitude
PO2 falls throughout the body but symptoms of
acute mountain sickness are delayed for at least
a few hours. This suggests that hypoxia initiates
some process which requires a time course of 6–24 h
before it, in turn, causes the symptoms. Some of this
response appears to be secondary to the lowered
barometric pressure, as opposed to just the hypoxia,
per se, which also effects an increase in fluid reten-
tion secondary to an increase in aldosterone and
anti-diuretic hormone (Loeppky et al. 2005b).

Current thinking favors the hypothesis that
hypoxia causes some alteration of fluid or electrolyte
homeostasis with either water retention or shifts of
water from intracellular to extracellular compart-
ments (Hansen et al. 1970, Hackett et al. 1981,
Bartsch et al. 2002, Loeppky et al. 2005a).

In considering the possible role of disturbances
in fluid balance in the mechanism of AMS we need
to take into account two other variables apart from
the rate of ascent:

● Whether or not the subject exercises upon
arrival at high altitude

● Whether the subject has a physiological or a
pathological response to altitude hypoxia, i.e.
whether or not he or she gets AMS

EXERCISE AT LOW ALTITUDE

The effect of commencing daylong exercise (hill
walking) continued for several days at low altitude
was studied in the hills of North Wales. Full water
and electrolyte balances were carried out before,
during and after the exercise period. There was sig-
nificant sodium retention, modest water retention,
significant increases in plasma and interstitial fluid
volumes at the expense of the intracellular com-
partment (Williams et al. 1979), later shown to be
due to activation of the renin–aldosterone system
during exercise (Milledge et al. 1982, see section
15.3.3). The increased interstitial fluid volume can
cause overt pitting edema in a few subjects, but all
were in a state of subclinical edema.

ALTITUDE WITHOUT EXERCISE OR AMS

It is surprisingly difficult to obtain reliable data on
the effect of altitude on fluid and electrolyte bal-
ance in the absence of exercise and AMS. Papers

usually indicate if exercise has been excluded
(though not always) but seldom make it clear which
if any subjects were free of AMS. Few papers quote
strict balance studies, and those that do often give
conflicting results. The usual physiological response
to hypoxia is a diuresis. This seems to be the case in
animals and is effected by stimulus of the peripheral
chemoreceptors (Honig 1989) but is less easy to
demonstrate in humans. Studies in the field have
given conflicting results probably because of the 
difficulty in controlling factors such as temperature,
sweating, sodium and water intake. However,
Swenson et al. (1995), in a 6-h chamber study where
these factors have all been controlled, have shown
that there was an increase in urinary volume and
sodium output with hypoxia. Further they found a
good correlation between these two measurements
and the subjects’ hypoxic ventilatory response
(HVR). There were only minimal symptoms of AMS
in the 6 h of the study. The diuresis and natriuresis
did not correlate with changes in aldosterone, renin,
ANP, vasopressin or digoxin-like immunoreactive
substance.

There is a reduction of plasma, interstitial and
intracellular volumes during the first few days at
altitude (Frayzer et al. 1975, Jain et al. 1980).
Similar changes were found in a study by Singh 
et al. (1990) and are shown in Fig. 18.1. Note that
the changes, as a percentage of sea level values are
quite small, the greatest being a 6–7% reduction in
plasma and extracellular fluid volumes at two days.
The changes in these compartments remained for
up to 12 days whereas the reductions in total body
water and intracellular fluid were restored by day
12 at altitude.

ALTITUDE WITH EXERCISE AND 
WITHOUT AMS

A study based on the Gonergrat (3100 m),
Switzerland involved baseline studies at rest at low
altitude followed by exercise in climbing to the
Gornergrat on a daily basis while there (Milledge 
et al. 1983). Complete balance studies were contin-
ued throughout. The results were almost identical to
those of exercise at low altitude. The plasma volume
increased so that the hematocrit, instead of rising as
is usual at altitude, actually fell as it did at sea level.
Renin and aldosterone levels were high; whereas,
subjects at rest at altitude have low aldosterone levels.
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The effect of exercise over-rides the effect of altitude
in this situation.

ALTITUDE WITH EXERCISE AND AMS

There are no balance studies which have addressed
exactly this question due to the formidable prob-
lems of carrying out balance studies on sufficiently
large numbers of subjects to cover both good and
poor acclimatizers. Studies measuring just 24-h
sodium excretion have shown an inverse correla-
tion between sodium excretion and AMS symptom
scores and a direct correlation with aldosterone con-
centration. That is, those who develop AMS have
higher aldosterone levels and retain more sodium.
All subjects have a reduced urine volume with the
AMS victims tending to have a greater anti-diuresis
but this did not reach statistical significance (Bärtsch
et al. 1988, Milledge et al. 1989).

SODIUM AND WATER BALANCE IN AMS

Table 18.1 attempts to bring together these changes
showing that the subject with AMS is in a similar
state of expanded plasma and extracellular fluid
volume as a subject starting day-long exercise at
low altitude. They are both in a state of subclinical
edema.

These effects are shown in Fig. 18.2. It is sug-
gested that this increase in extracellular fluid in turn
results in the dependent and periorbital edema often
seen in patients with acute mountain sickness
(Hackett and Rennie 1979). It also causes mild cere-
bral edema, resulting in the symptoms of AMS.
More severe cerebral edema causes the full blown
condition of HACE and pulmonary edema causes
HAPE.

Some evidence of fluid retention is provided by
the clinical observation of lower urine output in sol-
diers with AMS than in soldiers free of symptoms
(Singh et al. 1969) and by the finding that trekkers
with AMS gained weight, while trekkers without
AMS had lost weight by the time they reached
4243 m (Hackett et al. 1982). The ‘normal’ response
to altitude seems to be a mild diuresis; whereas, sub-
jects destined to get AMS have an anti-diuresis.

Because of this anti-diuresis the anti-diuretic
hormone (vasopressin) might be thought to under-
lie this mechanism, but that seems not to be the case
(see section 15.2.3). The effect of altitude on the
renin–aldosterone system is reviewed in section 15.3.
Briefly, ascent to altitude alone has a variable effect

258 Acute mountain sickness

Figure 18.1 Changes in fluid compartments on going
to altitude in the absence of exercise or acute mountain
sickness (AMS). ICF, intracellular fluid volume; Int F,
interstitial fluid volume; TBW, total body water; Bwt,
Body weight; ECF, extracellular fluid volume; PV, plasma
volume. Data from Singh et al. (1990).

Table 18.1 Changes in sodium and water control with
exercise at low altitude and in response to altitude in
subjects with and without acute mountain sickness (AMS)

Parameter Exercise No AMS With AMS
Low High High 
altitude altitude altitude

Urine volume p q p

Water balance ? Positive ? Negative ? Positive
Na excretion p q p

Plasma volume q p ? q

Extracellular q p ? q

volume
Plasma q p q

aldosterone



on plasma renin activity but results in lower than
normal aldosterone levels at rest. Exercise stimulates
the release of renin which in turn, via angiotensin,
stimulates aldosterone release and if continued long
enough causes salt and hence water retention
(Williams et al. 1979, Milledge et al. 1982). This may
be important especially in HAPE, in which a history
of exercise is often a prominent feature (Chapter
19). AMS symptom scores were found to correlate
with aldosterone levels and with reduced 24-h urine
sodium output on the first day at altitude in subjects
who had ascended to 4300 m on foot on Mount
Kenya (Milledge et al. 1989). A similar result was
reported from a study in the European Alps (Bärtsch
et al. 1988) although Hogan et al. (1973), in a cham-
ber experiment, found that subjects with AMS had
lower aldosterone concentrations than did asymp-
tomatic subjects.

Atrial natriuretic peptide (ANP), which increases
urinary sodium excretion and hence fluid excretion,
is elevated by hypoxia in rats (Winter et al. 1987)
and man (Bärtsch et al. 1988, Cosby et al. 1988,
Milledge et al. 1989). The relationship between ANP

levels and AMS is variable. One study found a ten-
dency to higher levels in subjects more resistant to
AMS (Milledge et al. 1989); whereas, two other stud-
ies found the opposite (Bärtsch et al. 1988, Cosby 
et al. 1988). It seems that despite its name ANP is not
a very powerful natriuretic hormone. Subjects, hill
walking at low altitude, have raised ANP levels while
retaining sodium vigorously (Milledge et al. 1991b).
ANP may have an effect by increasing capillary
permeability, but its significance in the aetiology of
AMS remains to be established (Bärtsch et al. 1988).

Although the favored hypothesis is that fluid is
retained and somehow causes AMS, it has proved
very hard to substantiate this. Measurements of urine
output have usually not shown a clear difference
between those with and without AMS (Milledge et al.
1989) though this negative finding often goes
unreported. Westerterp et al. (1996) applied the tech-
nique of labeled water and bromide to the problem.
A group of 10 subjects were transported by helicopter
to the Obervatoire Vallot (4350 m) and studied for 4
days. Fluid intake correlated closely with food intake
and both were reduced in those with AMS. There was
reduced evaporative water loss at altitude which
resulted in increased urine output in the case of sub-
jects without AMS but not in AMS sufferers. The
change in total body water was small and not signifi-
cantly different between those with and without
AMS. However, those with AMS showed a fluid shift
greater than 1 L between intra- and extracellular
compartments. The shift could be in either direction
making it difficult to understand the mechanism.
However, only one AMS subject had a reduction in
extracellular volume while three showed the expected
increase. On the other hand, Cumbo et al. (2002)
found a correlation between markers of dehydration
and AMS. Recently, Loeppky et al. (2005a) demon-
strated that anti-diuretic hormone rose within 90 min
of exposure to approx. 4900 m in subjects who devel-
oped AMS and continued to do so. Thus, most of the
evidence supports a response in AMS victims that
favors fluid retention.

18.5.2 Role of PCO2 in AMS and cerebral
blood flow

The symptoms of AMS are largely related edema of
the brain (Krasney 1994), and much debate has been
generated about the regulation of cerebral blood
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Figure 18.2 (a) Pitting edema of the ankle after hill
walking at low altitude. (b) Periorbital edema at high
altitude.



flow (CBF) at high altitude and the development of
edema. On going to high altitude the subject experi-
ences not only hypoxia but also hypocapnia, both of
which have potent effects on CBF.

The possibility that hypocapnia over a number
of hours might be a factor in the genesis of AMS
was tested by Maher et al. (1975). They exposed
two groups of subjects to simulated altitude in a
hypobaric chamber. One group had CO2 added to
the atmosphere to maintain their PCO2 at control
levels; the other group breathed air and became
hypocapnic. Hypoxia was similar in the two groups,
though to achieve this the group with CO2 added
was taken to a lower barometric pressure. Far from
alleviating symptoms of AMS the added CO2

increased their severity.
Sutton et al. (1976) found that in a group of sub-

jects air lifted to a camp at 5360 m on Mount Logan,
the severity of AMS correlated best with the PCO2.
Forwand et al. (1968) found AMS symptom scores
correlated well with PCO2 but not with pH or PO2.
In a study of 42 trekkers, Hackett et al. (1982) found
that those who gained weight on ascent to 4300 m
had the highest incidence of AMS and reduced their
Pa,CO2 very little, whereas those who lost weight
(presumably mainly fluid) had less frequent AMS
and a low PA,CO2. Two studies of men in decom-
pression chambers also found a correlation between
AMS and hypoventilation (King and Robinson
1972, Moore et al. 1986). Maher et al. (1975) sug-
gested that the mechanism connecting PCO2 and
AMS was the well-known effect of CO2 in increasing
the cerebral blood flow.

Hypoxia also causes an increase in cerebral blood
flow. In subjects with a brisk ventilatory response
and low PCO2 these two effects are, to a degree,
counterbalanced. Whereas, in subjects at high alti-
tude with little increase in ventilation and PCO2 close
to sea-level values, cerebral vessels will be dilated
and may contribute to cerebral edema and a rise in
intracranial pressure. This in turn causes the symp-
toms of AMS and is shown in Fig. 18.3 on the right
of the diagram. Another possibility, referred to
above, is that the higher PCO2 and lower PO2 would
cause peripheral vasodilatation which, by lowering
central venous pressure, would lower the level of
ANP and result in an anti-diuresis.

Acclimatization to high altitude attempts to main-
tain oxygen delivery to tissue beds. The brain is no
exception and requires a finely regulated mechanism

of increase in blood flow and an increase in oxygen
content in the blood provided by erythropoietic
response over a number of days. This balance was
demonstrated by Severinghaus et al. (1966) who
showed that cerebral blood flow was increased on
going to altitude and then fell toward sea level values
with acclimatization. One study, which confirmed
this general pattern, found no difference in cerebral
blood flow between subjects with and without AMS
(Jensen et al. 1990); however, two more recent studies
(Baumgartner et al. 1994, Jansen et al. 1999), using
velocity in the middle cerebral artery measured by
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Figure 18.3 Possible mechanisms underlying acute
mountain sickness (AMS). ICF, intracellular fluid; ECF,
extracellular fluid; CBF, cerebral blood flow; ANP, atrial
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Doppler ultrasound, have shown greater increase on
going to altitude in subjects with AMS than in non-
symptomatic controls. The Sa,O2 was lower in AMS
subjects and accounted for much of the difference in
flow. On the other hand, Jansen et al. (1999) showed
that AMS subjects had greater response in flow to
changes in PCO2 (voluntary hyperventilation) than
controls, suggesting brisker vasomotor response in
these susceptible individuals.

These same investigators demonstrated a loss of
CBF autoregulation during hypoxia and phenyl-
ephrine infusion in high altitude natives (Sherpas)
and sojourners to altitude as compared to subjects
at sea level (Jansen et al. 2000.) Manipulation of
systemic blood pressure with phenylephrine nor-
mally results in a concomitant adjustment in CBF
which did not occur consistently at high altitude.
These investigators did not look at symptoms of
AMS. Insight into the importance of CBF autoreg-
ulation may be gleaned from a study by Van Osta 
et al. (2005) where they found that symptoms of
AMS correlated with loss of this precise mechanism.

The correlations between CBF, altitude and AMS
are not consistent. Another study looked at the cere-
bral blood flow response to a 15-min hypoxic and
hyperoxic challenge in one group of subjects who
had suffered HAPE, another who had been to alti-
tude with no AMS and a third unselected control
group. The study showed no predictive value of alti-
tude tolerance (Berre et al. 1999).

Another important factor has to do with the effect
of exercise at high altitude on CBF. Imray et al. (2005)
studied nine subjects acclimatized to 5260 m. At low
altitude cerebral oxygenation increased during maxi-
mum exercise; whereas, at high altitude maximum
cerebral oxygenation occurred at 30% of maximum
exercise and then fell slowly as exercise progressed to
higher levels. All of these factors may play a role in
the effect of CBF on vasogenic edema and thus AMS.

18.5.3 Intracranial pressure and AMS

There is a striking similarity of symptoms between
AMS and the effects of high intracranial pressure
due to cerebral tumors etc. The evidence for raised
intracranial pressure in AMS is:

● The CSF pressure was found to be elevated by
60–210 mmH2O during AMS compared with
that after recovery (Singh et al. 1969).

● In cases of malignant cerebral AMS,
papilledema has been noted (Dickinson 1979).

● In those dying with cerebral AMS, cerebral
edema with flattening of the cerebral
convolutions has been found (Dickinson et al.
1983, Singh et al. 1969).

● Computerized tomographic examination of the
brain in patients with HAPE showed diffuse
low density areas in the cerebrum representing
edema (Fukushima et al. 1983).

● Direct measurement has been made in one
unreported study (B.H. Cummings, personal
communication). One of three subjects, with
pressure transducers implanted in their skulls
before a Himalayan expedition, was mountain
sick on return from 5700 m to Base Camp at
4750 m. His intracranial pressure was normal at
rest but elevated on the slightest exertion.
Other subjects without AMS had normal
pressures even on exercise.

● Using an indirect measure of intracranial
pressure (tympanic membrane displacement)
exposure to acute hypoxia at 3440 m was
associated with a rise in pressure. However, on
going to 4120 m and 5200 m the pressure
returned to sea level values. There was no
correlation between intracranial pressure and
AMS scores (Wright et al.1995).

Despite the lack of good direct evidence and
some dissenting data (Fischer et al. 2004), the con-
sensus view seems to be that the symptoms of AMS
are best explained as being due to cerebral edema
and raised intracranial pressure (Hackett 1999).
A magnetic resonance imaging (MRI) technique
described by Morocz et al. (2001) can track changes
in cerebral edema in a non-invasive manner and
may provide a valuable tool for investigation in the
future. Other mechanisms of cerebral edema are
considered in Chapter 19.

18.5.4 Derangement of clotting
mechanism

In reports on necropsy material, the presence of
thromboses in lungs and brain figures prominently.
No doubt parts of the pathological picture, such as
the development of hyaline membrane in the alve-
oli and possibly some thrombi, are secondary to the
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autopsy conditions, but there is evidence of alter-
ations in coagulation associated with altitude
(Singh and Chohan 1972). It has been suggested
that thrombosis may form a basis for the develop-
ment of both pulmonary hypertension and edema
(Dickinson et al. 1983). However, Hyers et al. (1979)
were unable to show differences in activated coag-
ulation between those who are susceptible to pul-
monary edema and more normal individuals at
altitude.

Bärtsch et al. (1987) studied a range of clotting
factors in 66 subjects presenting at the Capanna
Margherita (4559 m) with varying degrees of AMS.
They found that coagulation time, euglobulin lysis
time and fibrin(ogen) fragment E were normal in
all subject groups. Fibrinopeptide A (FPA), a mole-
cular marker of in vivo fibrin formation, was elevated
in patients with HAPE. However, FPA was not ele-
vated in subjects with simple AMS, even with
widened (A–a)O2, suggesting early HAPE. They con-
clude that the fibrin formation which takes place in
HAPE is an epiphenomenon and not causative and
thus probably not related to the pathogenesis of AMS.

18.5.5 Microvascular permeability 
and AMS

Hypoxia may increase microvascular permeability
directly or via mediators. Numerous animal stud-
ies have shown that hypoxia increases lymph flow
with variable results on the lymph/plasma ratio for
protein. The problem is to separate hemodynamic
effects from permeability itself. Staub (1986) has
reviewed the effect of hypoxia on microvascular
permeability and concludes that, ‘On best analysis ...
the change in permeability is slight, albeit statisti-
cally significant’.

However, there is no really good animal model
and the failure to show an important change in an
animal which does not get HAPE in no way
excludes the importance of permeability changes
in humans. Findings have served to strengthen the
evidence for some effect of hypoxia on microvas-
cular permeability:

● Larsen et al. (1985) have shown in rabbits that
neither hypoxia alone nor the infusion of cobra
venom (which activates the complement
system) alone caused pulmonary edema.

However, the two insults together did cause
permeability-type pulmonary edema. This
suggests the possibility that hypoxia, with some
other factor, may increase microvascular
permeability.

● Schoene et al. (1986, 1988) and Hackett et al.
(1986), by analysing bronchoalveolar lavage
and pulmonary edema fluid, respectively, have
shown conclusively that in HAPE the edema is
of the high protein permeability type rather
than hemodynamic. They also found
significant levels of leukotriene B4 and factors
chemotactic for monocytes in the lavage fluid,
suggesting that the release of these and other
mediators of inflammation may be involved in
the mechanism of HAPE.

● Richalet et al. (1991) found a rise in plasma
levels of most of the six eicosanoids measured
in subjects taken abruptly to the Vallot
observatory on Mount Blanc (4350 m). All
subjects had AMS. The levels of these
vasoactive mediators affecting permeability had
a time course parallel to that of AMS
symptoms.

● Roach et al. (1996) measured urinary
leukotriene E4 in subjects taken to 4300 m 
with a 4-day stop-over at 1830 m. There 
was a significant increase in levels of
urinary leukotriene though the correlation
with AMS did not reach significance. The
authors conclude that leukotrienes may be
involved in the genesis of AMS. On the other
hand, leukotriene blockade did not prevent
AMS upon rapid exposure to 4300 m 
(Muza et al. 2004). In fact, lower urinary
leukotriene E4 levels were measured on 
Denali where leukotriene blockade also 
did not have an effect on AMS (Grissom et al.
2005).

● Bauer et al. (2006) demonstrated fluid shifts
from the intra- to extravascular space with
exercise at high altitude that was decreased
with acclimatization, suggesting some
adaptation of the endothelium with adaptation.
The mechanism of the response may be related
to endothelial adaptation to hypoxia as
demonstrated by Gonzalez and Wood (2001)
who documented the effect of hypoxia on
adherence of leukocytes to the vascular
endothelium and subsequent inflammation

262 Acute mountain sickness



marked by reactive oxygen species (ROS)
which abated with time for acclimatization, a
process thought to be mediated by an
upregulation of inducible nitric oxide 
synthase and not unique to the pulmonary
vasculature.

● Choucker et al. (2005) demonstrated that
hypoxia alone stimulated granulocyte function,
but that exercise inhibited the inflammatory
response.

Most of these studies have concentrated on the
pulmonary microvascular permeability, but the
same mechanism could affect microvascular perme-
ability generally, including cerebral microvessels and
thus contribute to cerebral edema as shown in Fig.
18.3 (center). Hypoxia has been shown to increase
permeability of endothelial monolayers to a range
of proteins in vitro, though quite severe hypoxia
(12–19 mmHg) and incubation for 48–72 h was
needed to show the effect (Gerlach et al. 1992). The
mechanism of this permeability is open to question,
but the seminal question is how much permeability
in the cerebral vasculature is caused by increased
pressure and how much by inflammatory mediators?

As a reflection of generalized microvascular
endothelial leak, proteinuria is also common during
the first few days at altitude, especially in subjects
with AMS (Chapter 15) and this may be due to
increased microvascular permeability in the kidneys
(Winterborn et al. 1986). If increased permeability
has a role in AMS there is the question of whether
it initiates or continues the process. Kleger et al.
(1996) investigated this by measuring the escape
rate of 125I-labeled albumin as well as various
cytokines in the plasma of 24 subjects taken rapidly
to 4559 m altitude. Ten subjects developed AMS and
four HAPE. They found no significant increase in
albumin escape in any group of subjects. The only
significant increase in cytokine levels was in the
HAPE patients and that was of IL-6 on the second
and third days at altitude when HAPE was estab-
lished. Swenson et al. (1997) measured a number of
cytokines in the plasma of 19 subjects exposed to
10% oxygen for 8 h. They found no change in the
concentration of the measured cytokines by the end
of the exposure time. These findings suggest that if
cytokines do play a role in AMS it is probably in the
development of the illness towards HAPE or HACE.
In Chapter 19 there is further consideration of

mechanisms in relation to HAPE, some of which
may also apply to benign AMS.

Vascular endothelial growth factor (VEGF) is a
permeability factor that is inducible by hypoxia.
Walter et al. (2001) documented an increase in
VEGF upon ascent to 4559 m, but there was no dif-
ference between subjects with and without AMS 
or HAPE. On the other hand, Schoch et al. (2002)
showed in mice that hypoxia induced an increase
in VEGF, as well as evidence (documented by fluo-
rescein marker) of cerebral edema which was pre-
vented by inhibition of VEGF by a neutralizing
antibody. Tissot van Patot et al. (2005) studied free
plasma VEGF and found higher levels in subjects at
4300 m who had AMS.

Several investigative teams have looked the effect
of hypoxia on reactive oxidant species and their role
in clinical AMS. Bailey et al. (2001) documented free
radical mediated vascular permeability in male vol-
unteers ascending to high altitude, especially in the
muscle vascular bed, which they contended may be
related to the cerebral leak in AMS. In a subsequent
study, rapid ascent to 4559 m induced an increase in
cytokines, markers of muscle damage, neuronal
damage, and ROS which suggested tissue damage,
but no correlation with AMS could be substantiated
(Bailey et al. 2003). Thus, the role of oxidative stress
as a causative one or merely an epiphenomenon is
debatable. Magalhaes et al. (2003) exposed mice to
an equivalent altitude of 7000 m and looked at the
effect of the exposure on oxidative stress and the
blocking of this stress. Hypoxia increased the stress
but blockade resulted in a lower glutathione con-
centration (a marker of ROS). This same group
(Magalhaes et al. 2004b) confirmed the increase in
markers of oxidative stress with hypoxia in humans
but found no additional changes with rapid reoxy-
genation. In another study (Bailey et al. 2005), ROS
were induced in humans by hypoxia (12% for 18 h).
Lumbar punctures, brain MRI, AMS and ROS were
all performed. Although 50% of the subjects devel-
oped AMS, there was no correlation between mild
evidence of cerebral edema, clinical symptoms of
AMS, or increase of intracranial pressures.

At this point, the pathophysiology of brain
edema in AMS remains a puzzle, but important
clues about the roles of increased mechanical fac-
tors on the endothelium as well as humoral factors
which induce endothelial permeability leak are
being pieced together.
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18.5.6 Anorexia, leptin and AMS

Leptin, a hormone, produces the sensation of satiety
and is thought to be important in body weight regu-
lation. Tschop et al. (1998) measured its level in sub-
jects in two field studies at the Capanna Margherita
(4559 m). They found it to be elevated at altitude
compared with sea level and to be higher in subjects
with AMS than in those without. The neuropeptide
cholecystokinin (CCK) also suppresses the appetite.
Bailey et al. (2000) found it to be increased in
plasma from subjects with AMS compared with
subjects free of symptoms on the Kangchenjunga
Medical Expedition 1998, but further work is neces-
sary to understand the mechanism of AMS.

18.6 PROPHYLAXIS OF AMS

AMS only occurs during the first few days at a given
altitude. It seems therefore that acclimatization con-
fers protection in some way from AMS. Allowing
time for acclimatization is therefore the best way to
prevent AMS. There is an impression that there are
limits to acclimatization which vary for different
individuals. At altitudes above this limit a person is
therefore at risk of AMS, HAPE and HACE even after
acclimatization to lower altitudes has been achieved.

18.6.1 Rate of ascent

A slow rate of ascent will prevent AMS, but due to
the great variation in susceptibility to AMS, it is not
possible to be dogmatic in advice on rate of ascent.
A suggested rule of thumb is that, above 3000 m,
each night should be spent not more than 300 m
above the last, with a rest day – that is two nights at
the same altitude – every 2–3 days. In addition, any-
one who experiences symptoms of AMS should go
no higher until they improve. It is not certain where
the rule originated, possibly from the epidemiologi-
cal study of trekkers on the route to Everest Base
Camp (Hackett et al. 1976). Recently, Murdoch
(1999) has looked for evidence of its efficiency in
preventing AMS in the same area. He surveyed 283
trekkers asking about AMS symptoms and speed of
ascent. There are two clear messages from this study.

First, that there is huge individual variation in
susceptibility. Half the trekkers ascending at the very

low mean rate of 100–200 m day�1 became sick while
almost half the trekkers ascending at 500–600 m
day�1 remained free of AMS. Obviously there was a
process of self-selection, with those feeling fine going
fast and those feeling less well going slowly. Second,
that overall, the incidence of AMS was higher the
faster trekkers ascended. His conclusion is that, while
the rule for many, if not most trekkers, is slower than
is really necessary, the rule should continue to be the
guideline, in the interest of a substantial minority.
Basnyat et al. (1999) also found evidence from their
questionnaire survey of the same trekking route that
rate of ascent was an important risk factor. AMS risk
decreased by 19% for each additional day spent
between the airstrip at Lukla (2804 m) and the place
of survey, Pheriche (4243 m).

18.6.2 Fluid intake

Trek leaders often urge their clients to drink plenty
as they gain altitude in order to avoid AMS. There
seems no good scientific reason for this advice.
Providing enough fluid is taken to avoid dehydra-
tion, further intake will only be excreted and if all
taken as water, could lead to symptomatic hypona-
tremia. However, there is a recent epidemiological
study that appears to lend some support for this
practice. Basnyat et al. (1999) gave questionnaires to
Everest Base Camp Trekkers at Pheriche (4243 m)
and found that 30% of them had AMS. They asked
about daily fluid intake and found that the higher
the intake (up to 5 L day�1) the lower the incidence
of AMS (odds ratio 1.54). But in the only controlled
trial to address this issue, Aoki and Robinson (1971)
found that there was no effect of hydration on AMS
incidence. They achieved dehydration by treatment
of one group with furosemide, hyperhydration in
another with vasopressin and a third group was
given a placebo. All groups were decompressed at
the same rate in a chamber. Clearly, more work is
needed to answer this question.

18.6.3 Drugs for prophylaxis

ACETAZOLAMIDE (DIAMOX®)

Cain and Dunn (1965) were the first to show that
acetazolamide increases ventilation and Pa,O2, and
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decreases Pa,CO2. It has been shown to reduce 
the incidence and severity of AMS in a number of
double-blind controlled trials in the field (Forwand
et al. 1968, Birmingham Medical Research Group
1981, Larsen et al. 1982).All symptoms are improved,
as well as general performance, as judged by peer
review. Sleep was improved and the profound desat-
uration associated with periodic breathing (Chapter
13) was relieved (Sutton et al. 1979). It has been
shown to prevent patients with asthma from devel-
oping AMS (Mirrakhimov et al. 1993). In these tri-
als, the dose was 250 mg, orally, every 8 h, started 
1 day before ascent, except in the Birmingham trial
where the dose was one 500 mg slow release tablet
daily. This dose, or 250 mg normal release twice
daily (which is cheaper), used to be the recom-
mended regimen. More recently many are recom-
mending half that dose morning and evening since
it is believed that protection is adequate and side
effects are fewer (Basnyat et al. 2003, 2006), but a
higher dose 250 mg b.i.d. was found to be more effi-
cacious in tourists ascending to 3630 m (Carlsten 
et al. 2004). Whatever the dose decided upon, medi-
cations can be started upon arrival at altitude.

The duration of treatment depends upon the cir-
cumstance and situation. In many treks, the expo-
sure to conditions when AMS may be a problem is
limited to a few days, and obviously treatment can
be discontinued when the party has descended from
altitude. In situations where subjects go to altitude
and stay there, the risk of AMS is limited to the first
four or five days so that treatment could reasonably
be stopped after that.

However, a study by the Birmingham group
(Bradwell et al. 1986) has shown that taking acet-
azolamide for three weeks at 4846 m conferred a
benefit in that the group on treatment lost less
weight, lost less muscle bulk and had superior exer-
cise performance than those on placebo. Here the
drug was being used not so much to prevent AMS as
to reduce altitude deterioration.

The side effects of acetazolamide consist of a
mild diuresis and paraesthesiae in the hands and
feet, which tend to diminish with continued use of
the drug. A few people find this tingling very dis-
turbing, and some are troubled by gastric side
effects. Also, carbonated beverages (soft drinks, beer,
wine, sparkling wine) taste flat; this is due to the
inhibition of carbonic anhydrase in the tongue so
that the conversion of CO2 to carbonic acid fails to

take place in the time available as the drink passes
over the tongue, and the acid sensing buds are not
stimulated. The safety of acetazolamide is assured
by its widespread use in glaucoma where it is used
for years at doses similar to that recommended for
AMS prophylaxis.

The ethics of the use of acetazolamide (or that
of any drug) especially if used throughout an expe-
dition needs consideration but in the end it is for
the individual or team to decide.

The mechanism of action of acetazolamide is
thought to be due to its inhibition of carbonic
anhydrase rather than its diuretic action. It is quite
a mild diuretic and more powerful diuretics are said
to be less effective though no direct comparisons
have been made in controlled trials. Interference
with CO2 transport is thought to result in intracel-
lular acidosis, including the cells of the medullary
chemoreceptor. In this way it acts as a respiratory
stimulant. It has recently been shown to shift the
ventilatory CO2 response curve to the left, as hap-
pens with acclimatization (section 5.12) although
it does not affect the slope. The acute effect after a
single dose results in a reduction in the hypoxic ven-
tilatory response, though with a few hours’ adminis-
tration this is restored (Swenson and Hughes 1993).

Acetazolamide also acts as a respiratory stimu-
lant by promoting the excretion of bicarbonate by
the kidneys, thus correcting the respiratory alkalo-
sis due to hypoxic induced hyperventilation. In
effect the subject is given an artificial respiratory
acclimatization. The importance of this renal effect
is suggested by Swenson et al. (1991) in a study in
which the drug benzolamide, a selective inhibitor
of renal carbonic anhydrase, reduced high altitude
periodic breathing, a feature of acetazolamide use.
A trial of benzolamide as a prophylactic for AMS
(Collier et al. 1996) showed it to be beneficial com-
pared with placebo suggesting that inhibition of
cerebral carbonic anhydrase may not be the impor-
tant action of acetazolamide.

Another possible mechanism is via its effect on
cerebral blood flow (Vorstrup et al. 1984). Acetazo-
lamide increases cerebral blood flow, which would
increase cerebral PO2. However, increased PCO2,
which has the same effect on cerebral blood flow,
seems to increase the symptoms of AMS at the same
level of hypoxia (section 18.5.2). Additionally, the
dosage used in this study (1 g i.v.) was very large
compared with that used in AMS prophylaxis.
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Jensen et al. (1990) found that, although 1.5 g aceta-
zolamide caused a 22% increase in cerebral blood
flow after 2 h, there was no change in AMS symp-
toms. Also, Hackett et al. (1988a) found no change
in CBF (as measured by trans-cranial Doppler
ultrasound) in subjects with or without AMS after
0.25 g acetazolamide intravenously.

SPIRONOLACTONE

Jain et al. (1986) compared spironolactone with
acetazolamide and placebo. They found both drugs
to be effective in ameliorating AMS, with spirono-
lactone being possibly superior. This confirms a
previous uncontrolled report (Currie et al. 1976).

DEXAMETHASONE AND ASPIRIN

Dexamethasone (4 mg, every 6 h) has been tried on
the grounds that it is effective in cerebral edema. In a
double-blind cross-over chamber study it was found
to be an effective prophylactic (Johnson et al. 1984)
and was found to be superior when compared with
acetazolamide (Ellsworth et al. 1991). Rock et al.
(1989) carried out a dose ranging chamber experi-
ment and concluded that 4 mg every 12 h was the
minimum effective dose. The same group had previ-
ously found that, if dexamethasone was given for
only 48 h after arrival at altitude, it was effective in
reducing symptoms, but that after stopping the drug,
symptoms of AMS began (Rock et al. 1989). The
combination of acetazolamide and dexamethasone
has been shown to be more effective than acetazol-
amide alone, especially in preventing the cerebral
symptoms of AMS (Bernhard et al. 1998). Aspirin
has been shown to be similarly effective as a prophy-
lactic (Brutscher et al. 1998) but, like dexametha-
sone, does not affect oxygen saturation. In a later
study Burtscher et al. (1999) found that aspirin alone
was not very effective in preventing the headache of
AMS in subjects skiing to a mountain hut, whereas
aspirin in combination with dexamethasone was.
There was no placebo arm in this trial.

Dexamethasone remains an excellent drug to
prevent or treat AMS or early cerebral edema but,
unlike acetazolamide, does not facilitate acclimati-
zation and thus may mask symptoms of AMS or
HACE. It is an important adjunctive therapy for
individuals ascending rapidly to altitudes higher
than 3000 m for a rescue but should never be taken

as a means to mask symptoms of moderate or severe
AMS or HACE while the climber continues to
ascend. Dexamethasone can produce rapid resolu-
tion of symptoms, improve cognitive function
(Lafleur et al. 2003) and keep patients ambulatory
so that they help in their own descent and/or rescue.

OTHER DRUGS

Theophylline (300 mg) has been shown to be bene-
ficial as a prophylactic in a placebo-controlled,
double-blind trial by Kuepper et al. (1999). Fischer
et al., on the other hand, in studying acetazol-
amide, theophylline and placebo did not find a
decrease in CSF volumes with theophylline. A
decrease in CSF volume was found with the other
drugs which correlated with a decrease in symp-
toms of AMS. This drug also reduces sleep distur-
bance and periodic breathing, but little data are
available to recommend it as an important adjunct
to medications to prevent or treat AMS.

Herbal extracts have been advocated both as pre-
ventative and curative for AMS. As is usual in herbal
medicine there are few good trials to guide us.
However, some remedies have now been tested. An
extract of Gingko biloba (EGb 761) was studied by
Roncin et al. (1996) in a placebo-controlled trial
and found to be effective as a prophylactic. Based on
its anti-oxidant, rheologic effects, and stimulatory
effect on NO production (Jowers et al. 2004) other
studies of ginkgo biloba were spawned. One-day
treatment with ginkgo prior to ascent to 4205 m
showed marginal benefit of ginkgo in preventing
AMS. In a head-to-head study, ginkgo was not as
effective in preventing AMS as acetazolamide
(Gertsch et al. 2004). Thus the initial enthusiasm for
ginkgo has waned.

Coca, from the coca leaf, is very commonly
taken in South America either infused as a tea or
chewed. Many people are convinced of its efficacy
in preventing AMS, but there seem to be no trials
to confirm this.

18.7 TREATMENT OF AMS

Most cases of AMS will get better in 24–48 h with no
treatment. If there is progression of symptoms to
those of acute pulmonary edema, or serious cerebral
edema, action is vital since these two disorders are
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frequently fatal in a matter of hours. Their treatment
is discussed in Chapters 19 and 20, respectively.

18.7.1 Rest, acetazolamide

Rest alone often relieves the symptoms of AMS
(Bärtsch et al. 1993), and this fact needs to be borne
in mind in trials of therapy in AMS. Acetazolamide
had been shown to be an effective treatment of
AMS as well as a prophylactic (Bradwell et al. 1988,
Grissom et al. 1992). The earlier study used a single
large dose (1.5 g) whereas the later study used the
more conventional 250 mg every 8 h. Pa,O2 as well as
symptoms were improved.

Dexamethasone was shown, in a double-blind
trial, to be effective as an emergency treatment for
acute AMS (Ferrazzini et al. 1987). The dosage used
was 8 mg initially followed by 4 mg every 6 h. Levine
et al. (1989) also found it to be effective in relieving
AMS symptoms compared with placebo but it had
no effect on fluid shifts, oxygenation, sleep apnea,
urinary catecholamine levels, chest radiographs or
perfusion scans. These findings emphasize the dic-
tum that, in the event of HAPE or HACE, patients
should be taken to lower altitude as soon as possible.

18.7.2 Aspirin, paracetamol,
nonsteroidal anti-inflammatory 
agents, dexamethasone

For the headache of AMS, aspirin, nonsteroidal
anti-inflammatory drugs, or paracetamol is often
used, but there are no controlled trials, and they
are often ineffective. A double-blind, placebo-
controlled trial of ibuprofen (400 mg) showed it to
be more effective than placebo in relieving headache
(Broom et al. 1994). Keller et al. (1995) carried out
a trial comparing dexamethasone with hyperbaria
(in a Certec bag) for 1 h. Assessment 1 h after treat-
ment found hyperbaria to be better, but at 11 h
dexamethasone was more effective.

18.7.3 Other drugs

The possibility that the headache in AMS and 
in migraine might have a common mechanism stim-
ulated a group from Heidelberg to carry out a

placebo-controlled trial of sumatriptan, a 5-HT
antagonist effective in migraine. Although the pooled
results failed to show significant benefit, analysis of
male and female subjects separately showed signifi-
cant benefit in men (Utiger et al. 1999).

18.7.4 Oxygen

Oxygen may help, but frequently does not, and its
use, besides being impractical in most cases, would
impede acclimatization. Voluntary hyperventilation
often helps and probably does promote acclimatiza-
tion. Inhalation of 3% CO2 in air has been claimed
to alleviate symptoms in one study (Harvey et al.
1988) but not in another (Bärtsch et al. 1990). Both
found a rise in Pa,O2, due presumably to hyperventi-
lation. In the latter study most subjects given air to
breathe had a reduction in symptoms, indicating the
importance of the placebo effect or perhaps the
beneficial effect of rest.

The place of portable inflatable pressure cham-
bers (the Gamow bag) is considered in Chapter 19.

18.8 SCORING AMS SYMPTOMS

In studies on AMS there is obviously a need to
score the symptoms in some way and it is prefer-
able for all researchers to use the same system so
that results of different studies can be compared.
The most complicated scoring system is the Envir-
onmental Symptom Questionnaire (ESQ) (Sampson
et al. 1983). This consists of 67 questions in its ESQ-
III version, many of which are overlapping and of
uncertain relevance to AMS. Most workers have
used more simple formats, scoring only three to five
symptoms often on a scale of 0 to 3, with 0 for no
symptoms and 1, 2 and 3 for mild, moderate and
severe symptoms. Either an observer can administer
the questionnaire to all subjects or self-assessment
by each subject can be used; the two methods give
similar results. A document was produced at the
Lake Louise Hypoxia Symposium in 1991, which,
after defining AMS, suggested a simple method of
scoring along these lines. This was modified at the
next Hypoxia Symposium in 1993 and is shown in
Table 18.2 (Roach et al. 1993). It is important to
note that one of the modifications introduced was
the caveat that headache must be present for the
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Table 18.2 Lake Louise consensus: scoring of AMS (From Roach et al. 1993)
(a) AMS self assessment. The sum of the responses is the AMS Self-report score. Headache and at least one other
symptom must be present for the diagnosis of AMS. A score of 3 or more is taken as AMS. It is suggested that this part
of the scoring system be always used and reported separately. The question relating to sleep will not always be
relevant, eg. in short one day studies or in evening assessment when twice daily scoring is used.

Symptom Scoring

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

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

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

4. Dizziness/light-headedness 0 None
1 Mild
2 Moderate
3 Severe, incapacitating

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

(b) Clinical assessment. This portion of the scoring system contains information gained by examination. The Clinical
Assessment score is the sum of scores in the following three questions.

Sign Scoring

Change in mental status 0 No change
1 Lethargy/lassitude
2 Disorientated/confused
3 Stupor/semiconscious
4 Coma

Ataxia (heel/toe walking) 0 None
1 Balancing manoeuvres
2 Steps off the line
3 Falls down
4 Unable to stand

Peripheral edema 0 None
1 One location
2 Two or more locations

(c) Functional score. The functional consequences of the AMS Self-reported score should be further evaluated by one
optional question asked after the AMS self-report questionnaire. Alternatively, this question may be asked by the
examiner if clinical assessment is performed.

Overall, if you had any of these symptoms, 0 Not at all
how did they affect your activities? 1 Mild reduction

2 Moderate reduction
3 Severe reduction (e.g. bedrest)



diagnosis, as well as at least one other of the symp-
toms listed. The importance of insisting that
headache is present for the diagnosis is illustrated by
a paper comparing a previous system (Hackett’s)
with the Lake Louise system (Roeggla et al. 1996).
It was found that the Lake Louise system gave a spu-
riously high incidence, 25%, compared with 8%
using the Hackett system, at the moderate altitude of
2940 m. Unfortunately, the authors used the earlier
1991 version. Only 9% of their subjects had
headache. Had they excluded from the diagnosis
subjects without headache the two systems would
have given almost identical results.

There have been a number of studies comparing
the ESQ with the Lake Louise system. Bärtsch et al.
(1993) did just this and found the percentages of
subjects diagnosed as having AMS in Alpine huts at
four altitudes was comparable whichever system
was used. Maggiorini et al. (1998) applied ques-
tionnaires to 490 climbers in alpine huts up to
4559 m. Using a Lake Louise score of 4 or more as
the cut-off, they found a sensitivity of 78% and
specificity of 93% compared with the ESQ AMS-C.
Ellsworth et al. (1991) found similar results in 400
climbers on Mount Rainier. The Lake Louise system
being much simpler is, therefore, to be preferred.

There remains the question of the score at which
AMS is said to be present. On the self-report section,

five questions yield a possible top score of 15. The
consensus report suggests a score of 3 or more (with
headache) be deemed AMS, though from the study
quoted above a score of 4 or more seemed to give bet-
ter sensitivity and specificity. It is not clear what is to
be done with the other two parts of the assessment,
the clinical and functional scores, if they are used.
Clearly, if these scores are added to the self-reported
scores a greater cut of value would be appropriate. In
the paper by Bärtsch et al. (1993) a figure of �5 for
the total Lake Louise score was suggested. Until more
data are available on the other parts of the assess-
ment, reliance should be placed mainly on the self-
reported score, which has been well validated.

These systems have all addressed the situation in
adults. The diagnosis of AMS in children presents
especial problems. Children too young to express
their symptoms verbally may be irritable, miser-
able, tearful and refuse food. This behavior is even
more nonspecific than symptoms in adults. The
only safe course is to assume that this behavior in a
child who has gained altitude in the previous hours
or days indicates AMS until proved otherwise.
Yaron et al. (1998) have addressed the problem of
scoring AMS in pre-verbal children. They devised a
‘fussiness’ scale derived from the Lake Louise sys-
tem. For more details of this see Chapter 28.
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SUMMARY

High altitude cerebral edema (HACE) is a severe
form of acute mountain sickness (AMS) character-
ized by the same symptoms, headache, malaise and
fatigue which can progress to ataxia, altered con-
sciousness, hallucinations, coma and death. Signs
include papilledema, extensor plantar responses
and other neurological signs. There may be mild
fever, cyanosis, increased pulse and respiratory rates.
Computerized tomography (CT) and post-mortem
appearance indicate cerebral edema, and magnetic
resonance imaging (MRI) scans show lesions in the
splenium and corpus callosum. In untreated cases
remaining at altitude, death can occur in a few
hours or days.

The incidence of HACE is less than for HAPE,
usually occurs at a higher altitude, but many patients
have a mixed picture with signs and symptoms of
both conditions.

Prevention of HACE is the same as for AMS; that
is, to make a slow ascent to altitude and to descend if
symptoms do not improve. The diagnosis is made on
the history and clinical examination. In a patient
with symptoms of AMS, if any neurological signs
appear or if there is any clouding of consciousness or
hallucinations, then HACE is the likely diagnosis.
Often the earliest sign is ataxia, which is easily missed
in a patient lying in a tent with a headache especially
as he may be irritable, and insist that he is all right.

The most important action in treatment, as in
HAPE, is to get the patient down. If this is impossi-
ble or while awaiting evacuation, oxygen, if avail-
able, will help. Dexamethasone 4–8 mg initially,
followed by 4 mg every 6 h often relieves the neuro-
logical symptoms and signs, and treatment in a
portable compression bag (Gamow or Certec) is
also beneficial, at least for a few hours. Recovery is
often rapid on descent, but a number of cases have
been described in which recovery was delayed by
days or weeks, and, of course, some victims die
regardless of descent or medication.

The mechanism of development of cerebral
edema is not understood. It is probably the same as
in AMS at first, but instead of being self-limited, it
progresses to an advanced stage giving rise to the
signs and symptoms described and eventually to
death. The consensus at present is that the edema is
vasogenic in origin with an increase in the perme-
ability of the blood–brain barrier. Various hypothe-
ses have been advanced to account for this and are
discussed.

19.1 INTRODUCTION

The symptoms of acute mountain sickness (AMS)
are probably due to mild cerebral edema, which,
though unpleasant, are not serious. In a small minor-
ity of cases, usually at altitudes higher than 3500 m,



the condition progresses to more severe symptoms.
Unmistakable signs of cerebral edema and increased
intracranial pressure become manifest and progress
to coma. Death can occur if the patient is not
treated and has been reported even if descent or
other interventions have been initiated. This severe
form of AMS is called high altitude cerebral edema
(HACE).

Ravenhill (1913) called the condition ‘puna of a
nervous type’. He describes three cases who recov-
ered on being sent down to low altitude. As with
acute pulmonary edema of high altitude, his work
was forgotten, and it was only during the 1960s that
description of this serious form of acute cerebral
edema of high altitude emerged (e.g. Singh et al.
1969).

19.2 CLINICAL PRESENTATION

19.2.1 Epidemiology

Symptoms of AMS usually precede HACE
(Chapter 18). HACE can occur in unacclimatized
individuals usually at 3000 m or higher. Because of
difficulty in knowing the number of people
exposed, its incidence has never been accurately
determined, but HACE certainly is much less com-
mon than AMS or HAPE. A 1% incidence in
trekkers in Nepal between 4200 and 5500 m was
reported by Hackett et al. (1976). An extraordinar-
ily high incidence of 31% was reported by Basynat
et al. (2000) in a group of pilgrims who ascended
rapidly in Nepal. Often HACE and HAPE may 
co-exist (Yarnell et al. 2000). Symptoms of stupor
and coma were described in 13% of 52 patients with
HAPE (Gabry et al. 2003) which is similar to the
findings of Hultgren et al. (1996) in the Canadian
Rockies. Sometimes in HAPE, the severity of
hypoxemia is so great that it is difficult to know
whether the symptoms are secondary to cerebral
edema or the effects of hypoxemia.

The age and sex distribution, like that for AMS,
shows no group to be immune. Possibly the younger
male is rather more at risk, perhaps because he is
more likely to push on to higher altitude with symp-
toms, a feature of many histories in fatal cases.
People native to high altitude can become victims of
HACE. The impression is that the incidence in them
is lower but there are no good published data.

19.2.2 Symptoms and signs

Symptoms of AMS usually precede those of HACE
by 24–36 h, but the presence of milder cerebral
edema before the progression to HACE has not been
confirmed (Fischer et al. 2004.) Headache, loss of
appetite, nausea, vomiting and photophobia are
common. Climbing performance decreases dramat-
ically, and in fact, patients may just stop any activity
and become irritable and withdrawn and wish only
to be left alone. Behavior may become bizarre and
irrational, and survival instincts cease. The clinical
transition from AMS to HACE is often difficult to
ascertain, but the appearance of ataxia, irrationality,
hallucinations or clouding of consciousness should
alert one to the likelihood that the patient now has
HACE. The patient may report blurring of vision
which may be due to retinal hemorrhages or to
papilledema. Deep-tendon reflexes may be brisk,
and later the plantar reflexes may become extensor.
There may be ocular muscle paralysis with diplopia.
The pulse is often rapid, and cyanosis usual.

As the condition progresses, all symptoms and
signs become more evident. The headache becomes
worse, and ataxia intensifies so that the patient can
no longer sit up (truncal ataxia) or walk in a coordi-
nated manner. If coma ensues, breathing becomes
irregular. Death may come in a few hours or in a day
or two in untreated cases. Residual and permanent
neurologic impairment, including dementia (Usui
et al. 2004), have been reported.

Although with a recent ascent to high altitudes
greater than 3000 m and the symptoms described
above, good clinical evaluation must be made, as
many of the symptoms are nonspecific and may be
secondary to many other conditions including
structural (tumors), psychiatric (psychosis), meta-
bolic (hypoglycemia, ketoacidosis, hyponatremia),
toxic (ingestions), epileptic (Firth and Bolay 2004,
Daleau et al. 2006), or cerebro-vascular (stroke,
hemorrhage, migraine) abnormalities.

19.2.3 Case histories

CASE 1 (HOUSTON AND DICKINSON 1975)

A 39-year-old Japanese female flew from 1500 m to
2750 m, and during the next 2 days, climbed to
3500 m, where she developed a severe headache.
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On day 4, at 3800 m, she began to vomit. On day 5,
at 3 960 m, she became breathless and weak, was
vomiting and needed assistance to walk. On day 6
she lost consciousness and was carried down to
3 350 m where she was found to be deeply uncon-
scious and cyanosed, with a temperature of 40.6°C
and a pulse of 140 beats min�1. Crackles filled the
chest. Reflexes were brisk and plantars flexor. Slight
papilledema was present. She was treated with oxy-
gen, furosemide and penicillin. On day 8 she was
flown to a hospital at 1500 m where she was found
to be in the same condition but with extensor plan-
tar reflexes. Lumbar puncture showed a pressure of
270 mm H2O, but examination of the CSF was nor-
mal. She slowly improved over 2 weeks and eventu-
ally recovered completely.

Comment. The symptoms of HACE are domi-
nant in this case but the patient also had signs of
HAPE.

CASE 2 (DICKINSON ET AL. 1983)

A 46-year-old man trekked from 1500 m to 3650 in
2 days. On the way he began to feel unwell, was tired,
anorexic and later began to vomit. At 3650 m he
became unconscious and was evacuated to a hospi-
tal at 1500 m. On examination he was deeply uncon-
scious, responding only to pain. He was cyanosed
and hyperventilating. There were crackles and
wheezes in the lungs; papilledema and retinal haem-
orrhage were present. Respirations were 40 breaths
min�1, the pulse was 120 beats min�1, and the tem-
perature 40°C. He remained unconsciousness and
died after 4 days in the hospital.

Comment. This is a typical case of HACE, which
seemed to have reached an irreversible stage before
descent.

CASE 3 (HOUSTON AND DICKINSON 1975)

A 42-year-old fit man reached 3600 m from sea
level in a few days. He spent 2 days at this altitude
and on day 3 climbed to 4940 m, returning to sleep
at 3960 m. On day 4, after carrying about 25 kg to
4940 m, he complained of severe headache, and
went to sleep on arrival at the camp. Next morning
he was confused and unable to talk coherently. He
could not coordinate hand and foot movements
and was disorientated in time and space. He was
carried down to 3600 m where he became coherent

and was able to walk without assistance. He was
given an intramuscular steroid and by late after-
noon seemed normal. The next day he was taken
down to 2130 m where he was completely normal.

Comment. A typical case of HACE where prompt
action in bringing the patient down saved his life.

CASE 4 (ABRIDGED FROM HOWARTH 1999)

A 42-year-old member of a scientific expedition
had trekked to Kangchenjunga Base Camp (5100 m)
and spent a week at this altitude including climb-
ing twice to about 5400 m on day outings. He had
had no sickness during all this time. With three
companions he set out to climb a 6200 m peak on
the return trek. On the first day from Base Camp
their porters took the wrong route to their intended
camp at 5500 m necessitating some climbing over
very rough ground. During the early part of the
day the patient had been going strongly, but later
he was slow and reached camp at 2.45 p.m., cold
and exhausted. He complained of a bad headache
but took some hot soup and painkillers. AMS was
diagnosed, and it was hoped he would improve with
rest. However, over the next 2 h he deteriorated and
became ataxic. He was given acetazolamide and
dexamethasone but vomited most of the tablets.
Evacuation was started, but it required a man on
each side to support him and over the boulder-
strewn ground, going was very slow. He continued
to deteriorate, and they had to stop for rest every 20
yards or so. The party was benighted but fortunately
was able to radio other members of the expedition
for help. The rescue party met them with oxygen
and injectable dexamethasone after which the
patient improved though descent over now steep-
ening scree was still very slow. A temporary camp
at about 4900 m was reached at 11.30 p.m. By 
next morning the patient was much better, and
during the day was able to walk slowly back to 
Base Camp.

Comment. This case illustrates the unpre-
dictability of AMS in that typical HACE developed
in a climber who would seem to have acclimatized
well. In some subjects who have no problems up to
a certain point there seems to be a critical altitude
above which they quite abruptly start having symp-
toms. It also emphasizes the importance of making
an early diagnosis and getting the patient down as
soon as possible, easier with hindsight of course.
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19.2.4 Investigations

Unless the case of presumed HACE is, in fact,
another condition, such as mentioned in section
20.2.2, blood counts and biochemistries are usually
normal, but white counts may be high. Chest radi-
ographs may show evidence of concomitant pul-
monary edema. Although normally not necessary to
perform except to rule out a CNS infection or hem-
orrhage, lumbar punctures show raised pressures,
44–220 mmH2O, (Singh et al. 1969, Houston and
Dickinson 1975), but normal CSF chemistries and
cell counts. Computerized tomographic scanning of
the brain in 12 patients with HAPE and HACE
(Koyama et al. 1984) showed evidence of cerebral
edema with diffuse low density of the entire cere-
brum and compression of the ventricles. Recovery to
normal CT findings occurred within a week in three
cases, but abnormal findings persisted for 1–2 weeks
in two cases; one case took over a month to clear.

Hackett et al. (1998) reported MRI scans in nine
patients with HACE compared with three with
HAPE and three who had been to altitude with no
illness. They found intense T2 signals in white mat-
ter, especially in the splenium and corpus callosum
in the subjects with HACE. There were no lesions in
the grey matter (Fig. 19.1). With this one study, there
was no correlation between the severity of edema on
imaging and the subsequent clinical course.

19.2.5 Treatment

The treatment for HACE is very similar to that for
HAPE. Get the patient down to lower altitude as

soon as possible, especially before their condition
renders them unable to care for themselves. Recog-
nizing the symptoms early while the victim is still
ambulatory may mean the difference between a
successful descent, with recovery, and death on the
mountain. Whilst awaiting evacuation, oxygen ther-
apy is advised but often is only of marginal benefit.
Dexamethasone has been shown to be of benefit in
a double-blind, randomized, placebo-controlled
trial in AMS (Ferrazzini et al. 1987). It is particu-
larly the cerebral symptoms which seem to be
helped by this drug, so it is a critical drug to have
available and use in this situation. The dose utilized
in the trial was 8 mg initially, followed by 4 mg
every 6 h. Enthusiasm for dexamethasone should
be tempered by the finding that, although symp-
toms are relieved, the physiological abnormalities
(fluid shifts, oxygenation, sleep apnea, urinary cat-
echolamine levels, chest radiograph, perfusion
scans and the results of psychomotor tests) are not
improved (Levine et al. 1989). The drug is no sub-
stitute for descent.

Some authors have recommended diuretics, but
the delicate balance between cerebral perfusion
and pre-existing hypovolemia in the mountains
accentuated by diuresis is a risk not worth taking in
the field setting. Once in the hospital setting where
monitoring is possible, the usual measures taken to
decrease intracerebral edema (mannitol, hyper-
tonic saline, etc.) are reasonable.

Portable hyperbaric bags (Gamow bags) are 
now available, and their use in HAPE is discussed
in Chapter 20. In HACE, their use is less well 
documented (Freeman et al. 2004); but, if available
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Figure 19.1 Left, Axial
T2-weighted magnetic
resonance image of patient
showing markedly
increased signal in corpus
callosum (arrows),
including both the genu
and the splenium, as well
as increased signal of
periventricular and
subcortical white matter.



and if descent is necessarily delayed, a hyperbaric
bag should be tried. Their use may have therapeu-
tic benefit and make it possible for a patient to
descend unaided, instead of having to be carried.
Recovery after descent may not be as rapid as is
usually the recovery from HAPE (Dickinson 1979,
and Cases 1 and 2). Some reports detail recoveries
from 2 to 14 days or even longer (6 weeks; Hackett
et al. 1998) with some reports of persistent neuro-
logic impairment. Better education about altitude
maladies (Vardy et al. 2005) and the increasing
availability of helicopter rescue in remote areas of
the Himalaya (Graham and Basynat 2001) are
improving the outcomes of HACE and other alti-
tude illnesses.

19.2.6 Post-mortem appearance

There have been a few reports of post-mortems in
HACE (Singh et al. 1969, Houston and Dickinson
1975, Dickinson et al. 1983). The usual findings in
the brain are of cerebral edema with swollen, flat-
tened gyri, and compression of the sulci. There may
be herniation of the cerebellar tonsils and unci.
Spongiosis, especially in the white matter, may be
marked. In many cases there are widespread
petechial hemorrhages; in some there are ante-
mortem thrombi in the venous sinuses, or there
may be subarachnoid hemorrhages. There seems to
be considerable variation in the findings. It must
always be remembered that the few cases that reach
autopsy are highly selected and may be unrepresen-
tative of the condition as seen clinically in the field.

19.3 MECHANISMS OF HACE

19.3.1 Cytotoxic versus vasogenic 
edema

The mechanism for the development of cerebral
edema at altitude is reviewed in Chapter 18, and
there may be many responses of edema formation
which AMS and HACE have in common. There is
agreement that hypoxia induces an increase in extra-
cellular fluid. It may also cause increased microvas-
cular permeability. The images on MRI suggest that
the leak is vasogenic in origin, i.e. an increase in per-
meability of the vascular endothelium, but these

findings do not differentiate between a leak caused
by increased pressures or factors such as inflamma-
tion that increase the vulnerability of the endothelial
lining.

Cytotoxic edema results from hypoxic-induced
failure of cellular ion pumps with a rise in intracel-
lular sodium and osmolarity and consequent cellu-
lar swelling from an influx of water (Fishman 1975).
Membrane failure from cytotoxic causes was, for
some time, touted as a possible cause of HACE, but
the degree of hypoxia and/or ischemia to cause
such membrane dysfunction is much greater than
one would see in most altitude settings. Thus, the
hypothesis that failure of the membrane pumps
leads to cellular permeability has, for many years, not
been felt to be the initiating mechanism of HACE.

19.3.2 Cerebral blood flow

An inordinate increase in cerebral blood flow would
seem a likely culprit, leading to cerebro-vascular
damage and subsequent leak of fluid from the intra-
to extravascular space. Hypoxia increases cerebral
blood flow (Severinghaus et al. 1966), particularly
when there is no marked reduction in PCO2. The
usual increase in alveolar ventilation upon ascent
to altitude and the resulting hypocapnia lead to cere-
bral vasoconstriction. The body’s response upon
rapid ascent, though, is to optimize blood flow and
oxygen delivery such that the increase in cerebral
blood flow from hypoxia over-rides the vasocon-
striction from the hypocapnia.

Attempts to find a correlation between AMS
and HACE and cerebral blood flow have not been
consistent. While Baumgartner et al. (1994) found
a correlation between CBF and AMS, Jensen et al.
(1990) found none. Furthermore, a doubling of
CBF by hypercapnia in sheep did not cause brain
edema (Yang et al. 1994). These same factors may
become more pronounced to cause the symptoms
of HACE, but that theory is mere speculation.

In an attempt to find a relationship between
autoregulation of CBF with hypoxia and systemic
blood pressure, Jansen et al. (2000) studied sub-
jects at low altitude and Sherpas who had not expe-
rienced HACE and sojourners at high altitude and
found an inconsistent decrease or maintenance of
autoregulation of CBF in response to hypoxia and
an increase in SBP raised by phenylephrine in all
groups. Thus it does not seem likely that one could

Mechanisms of HACE 275



base an etiology for the mechanism of HACE on
normal autoregulation of CBF. On the other hand,
a subsequent study in subjects rapidly ascending to
4559 m showed a correlation between CBF, Sa,O2,
and AMS scores (Van Osta et al. 2005).

Imray et al. (2005) found intriguing results
when they measured cerebral perfusion and oxy-
genation in unacclimatized subjects at 150 and
5260 m during progressive exercise. Whereas cere-
bral oxygenation was maintained throughout exer-
cise at low altitude, at high altitude it increased up
to 30% of maximal exercise and then fell progres-
sively as the exercise intensity increased (Fig. 19.2).
The authors speculate that this phenomenon may
contribute not only to performance at high altitude
but also to the brain’s vulnerability to edema. There
clearly needs to be more work done in this area.

19.3.3 Cranial vault capacity

The question of why certain individuals are suscep-
tible while others are not is as puzzling in HACE as
in other forms of AMS. One possible factor might
be the relative sizes of the brain and cranial cavity.
In a recent review of etiology, Hackett (1999) dis-
cusses this ‘tight fit’ hypothesis. Those with a tight
fit brain in the box of their cranial cavity will have
a greater rise in pressure for a given increase in
fluid volume in the brain. Those with looser brains

are less susceptible. As we get older our brains
shrink which may be why older people are less 
susceptible to AMS and HACE. More data are nec-
essary to make this hypothesis stronger.

19.3.4 Venous thrombosis

Venous thrombosis has been found on CT scan in
one patient (Asaji et al. 1984) and in some post-
mortem studies of HACE. It may develop late in the
condition as a consequence of intracranial hyper-
tension. It will certainly exacerbate the condition.

19.3.5 Vascular endothelial growth factor

Severinghaus (1995) suggested that vascular perme-
ability, operating in situations of angiogenesis and
induced by vascular endothelial growth factor
(VEGF), may be involved in HACE. Hypoxia stimu-
lates the release of transforming growth factor
which attracts macrophages. These, in turn, release
VEGF and other factors which eventually give rise to
growth of new capillaries. The more immediate
effect is to increase capillary permeability as capil-
lary basement membranes are broken down. He
suggests that even earlier than these events, hypoxia
may case osmotic brain swelling. Dexamethasone is
very effective in preventing angiogenesis, and it may
be this action which explains its effectiveness in
HACE. This theory received support from the find-
ing of VEGF mRNA in rat brains after only 3 h of
hypoxia (Figure 19.3). The level reached a peak of
three times control at 12–24 h (Xu and Severinghaus
1998). This could explain the increased permeability
of the blood–brain barrier and the vasogenic edema.

Two studies lend credence to this theory. Schoch
et al. (2002) found increased VEGF expression and
increased vascular permeability, as measured with a
fluorescein marker in mice brains, which correlated
with the degree of hypoxic exposure which was pre-
vented by inhibition of VEGF activity (Fig. 19.4).
By measuring free VEGF upon acute ascent to
4300 m, investigators found a correlation between
free VEGF and AMS symptoms (Tissot van Patot 
et al. 2005). These studies are strongly suggestive of
induction of vascular permeability by VEGF in its
response and attempt to initiate angiogenesis sec-
ondary to an hypoxic stimulus.
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19.3.6 Nitric oxide and cerebral edema

Clark (1999) suggested that the mechanism of cere-
bral edema in HACE may be via the induction of
inducible nitric oxide synthase (iNOS) in the brain
by hypoxia. This gives rise to increased levels of
nitric oxide (NO) which by increasing vascular 

permeability causes edema. In most cases this is quite
mild and self-limiting giving rise to the symptoms
of benign AMS. However, if there are even low lev-
els of cytokines as well, due to a mild infection for
instance, there will be a synergistic effect on iNOS
induction and permeability. This results in HACE.
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Figure 19.3 Increased expression of VEGF mRNA in
mouse brain after hypoxic stimulation. Total RNA was
extracted from brains of normal mice and mice exposed
to 6–12% oxygen for 24 h. (Upper panel ) Northern blots of
total RNA sequentially hybridized with a 32P-labelled
probe for murine VEGF and the ribosomal protein L28.
(Lower panel ) Mean and standard deviation (n � 3) of
VEGF mRNA pixel densities as quantified with a
Phosphoimager and corrected for L28. Normoxic control
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significant.

Figure 19.4 Two-fold increase in vascular permeability
after exposure to 8% oxygen. Sodium fluorescein injected
intravenously in controls or hypoxic mice was quantified
following homogenization of brain hemispheres. Results
are expressed as relative fluorescence units (r.f.u.). Values
are mean and standard deviation. **P � 0.0001;
*P � 0.001; n � 8–30 as indicated.
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SUMMARY

High altitude pulmonary edema (HAPE) is a poten-
tially lethal form of mountain sickness which, like
acute mountain sickness (AMS), affects previously
healthy persons who go rapidly to high altitude.
A few hours after arrival patients suffer the usual
symptoms of AMS but then become more breath-
less than their companions. Over the next few hours
the breathlessness increases, a cough develops which
is first dry but later productive of frothy white spu-
tum. The sputum may become blood-tinged. The
signs of obvious pulmonary edema are found and
cyanosis may be detected. Some patients literally
drown in their own secretions and become coma-
tose and can die if no action is taken. Patients have
tachycardia and tachypnea with mild pyrexia and
leucocytosis and a characteristic X-ray appearance.
The pathology, in fatal cases, is of patchy edema of
the lungs.

The most important management is to get the
patient down; if there is unavoidable delay, oxygen,
if available, and drugs which vasodilate the pul-
monary vasculature are helpful. If descent is not
feasible, hyperbaric treatment in a Gamow (or
Certec) bag gives temporary relief and may be use-
ful in enabling a patient to improve and walk down
rather than having to be carried.

The mechanism of the edema formation is not
left ventricular failure since wedge pressures on

cardiac catheterization are normal. However, there
is severe pulmonary hypertension. There are a num-
ber of hypotheses about how this results in edema.
The most favored mechanism is that the hypoxic
vaso-constriction is uneven. Vessels which are not
downstream from the constricted vessels are exposed
to higher pressures which suffer stress failure of these
vessels allowing proteins and later blood cells to leak
out into the interstitial space and then alveolar
spaces. Later, there is evidence of inflammation,
as cytokines and arachidonic acid metabolites are
found in the edema fluid, and these contribute to the
vascular leakage. Exercise seems to be a risk factor
presumably by raising the pulmonary artery pressure.

Many patients who suffer HAPE show suscepti-
bility to the condition on subsequent altitude expo-
sure. These subjects are found to have a brisk hypoxic
pressor response in their pulmonary circulation and
it is thought that this susceptibility may have a genetic
origin.

20.1 INTRODUCTION

There are a number of accounts in the early climbing
literature of climbers dying of ‘pneumonia’. In ret-
rospect many, if not most, of these fatalities were
probably due to high altitude pulmonary edema
(HAPE). One of the best known was the death of
Dr Jacottet on Mont Blanc in 1891. He died in the



Vallot hut (4300 m) after taking part in a rescue on
the mountain. Refusing to go down, he spent a fur-
ther two nights in the hut with obvious symptoms
of acute mountain sickness (AMS). He died during
the second night. The post-mortem showed ‘acute
edema of the lung’ (oedéme considerable) (Mosso
1898).

In 1913, Ravenhill described what he called
puna of the cardiac type as a lethal form or devel-
opment of AMS. Though he was wrong in attribut-
ing the condition to cardiac failure, his description
of three cases fits well with HAPE. However, his work
was forgotten.

For the first half of the twentieth century the
condition would not be at all common in the
European Alps, because few unacclimatized people
spent nights above 2500 m or in the Himalaya where
approach marches to the mountains were long
enough for acclimatization to take place. But in
South America, as Ravenhill’s experience showed,
railways and later roads had been built to altitude
up to 3000 or 4000 m, thus putting large numbers
of people at risk. However, even in these countries
the condition does not seem to have been recog-
nized for many years after Ravenhill. West (1998)
has unearthed a description of a case reported by
Alberto Hurtado in 1937 in an obscure booklet.
But the case is atypical in a number of ways and
Hurtado says (in translation from the Spanish),

this is undoubtedly a type of Soroche (moun-
tain sickness) which is quite rare and 
infrequent and is characterized by intense
congestion and edema of the lung. Possibly
there is in these cases a prior cardiac 
condition....

This case also had further long-term problems sug-
gestive of a cardiac condition. Although this could
be considered as the first case report of HAPE after
Ravenhill, there was mention of some cases of
soroche who had cough with frothy pink sputum
and who made a rapid recovery on descent to low
altitude. This was in an article by Harold Crane,
the chief surgeon of a hospital at the mining town
of Oroya (3750 m) in Peru. The article was pub-
lished in the Annals of the Faculty of Medicine, Lima
in 1927. The first series of cases (seven) to be pub-
lished was by Leoncio Lizárraga Morla in 1955 in
the same journal. He mentioned that the condition

was recognized by Carlos Monge M. as early as 1927.
The cases described were typical of HAPE and
included chest X-rays and ECGs typical of HAPE.
This paper was followed by others, including
Bardáles, from Peru in the later 1950s. The first ref-
erence in English to the condition we now call HAPE
was in a letter to the Journal of the American Medical
Association by Bardáles in 1956. In it he describes
the condition briefly in high altitude residents
returning to altitude, saying it is particularly com-
mon in young people. For a fuller description of these
papers and the full references, see West (1998).

An interesting side light showing the situation
in the English-speaking world in the mid 1950s is
given by a letter to Dr Griffith Pugh which he pub-
lished with a comment in The Practitioner (Pugh
1955). Dr Pugh was the leading authority on altitude
medicine and physiology in UK at the time. The
letter gave an excellent account of a fatal case of
HAPE and asked whether acute pulmonary edema
is a common symptom of high altitude sickness.
Pugh, in his response, indicates that he knew of no
such case from his experience or from the litera-
ture. The original letter and response together with
a commentary are to be found in West (1999).

Herbert Hultgren visited Peru in 1959 and saw
cases of HAPE. He and his companion Spickard
wrote up their experiences in the Stanford Medical
Bulletin published in May 1960 under the title,
‘Medical Experiences in Peru’. In it they mention
41 cases of acute pulmonary edema in residents
returning to altitude after a stay of 5–21 days at low
altitude. They correctly suggested that the mecha-
nism was not left ventricular failure but related to
pulmonary hypertension. Not surprisingly, this
important observation was not recognized at the
time and so the condition was brought to the notice
of the English-speaking medical world by Houston
(1960) who published his landmark paper on ‘acute
pulmonary edema of high altitude’ later in the
same year in the New England Journal of Medicine.
Houston said ‘this single case is presented in the
hope of stimulating further reports’ and ‘pulmonary
edema of high altitude deserves further study’. Both
hope and declaration have been amply fulfilled in
the succeeding years by the description of hundreds
of cases from all the major mountainous areas 
and hundreds of studies aimed at elucidating the
mechanism of the condition have been conducted,
some of which will be reviewed in this chapter.
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20.2 CLINICAL PRESENTATION

HAPE, like AMS, affects previously healthy individ-
uals on ascent to altitude and often presents in the
absence of AMS. There is a wide range of altitude
of presentation from 2000 to 7000 m (Lobenhoffer
et al. 1982). A typical history is that the subject
ascends rapidly to altitude and is very active getting
there or on arrival. The subject suffers the symptoms
of AMS after arrival, though not necessarily very
severely, and then becomes more short of breath
and lethargic. The patient may experience chest pain.
Physical signs are of tachycardia, tachypnea and
crackles at the lung bases. A dry cough develops
which later progresses to one productive of frothy
white and eventually blood-tinged sputum. Over a
few hours the condition progresses with increasing
respiratory distress, orthopnoea, cyanosis, bubbling
respirations, coma and death.

20.2.1 Case histories

CASE 1 (HOUSTON 1960)

A male patient left sea level, reaching 5090 m by car
and on foot 5 days later. He had no symptoms until
1 day later when he noted dyspnea progressing to
severe orthopnea. Within a few hours his breathing
became progressively more congested and labored.
He sounded as though he was literally drowning in
his own fluid with an almost continuous loud bub-
bling sound as if breathing through liquid. A white
froth resembling cotton candy had appeared to well
up out of his mouth, which was open. This was even
though he was sitting up with his head tilted back.
The patient died within 8 h of the onset of symptoms.

CASE 2

A Sherpa on a large expedition had carried a load
from 6400 m to 7000 m and returned. The follow-
ing morning he complained of severe headache
and malaise. He was anorexic and remained in his
sleeping bag. On examination at mid-morning he
was found to be cyanosed and breathless on the
slightest exertion, and he had a dry cough. His pulse
and respiratory rate were increased. Fine crackles
were heard at the lung bases. At noon he started
down for a lower camp at 5800 m accompanied by

two expedition members. It was at once apparent
that he could not carry even a light load. Every
100–200 m he had to stop even though the route
was over an easy downhill glacier. He began coughing
frothy white sputum, which later became blood-
tinged. At about 100 m above the camp he was given
oxygen and was able to complete the journey with-
out stopping. After breathing oxygen for about 3 h
at the camp he declared himself well and refused
any more oxygen. He descended unaided to a lower
camp next day, carrying a load.

CASE 3

A 20-year-old college student from Chicago flew in
the morning to Denver, Colorado, and drove that
afternoon from the airport to the Keystone Ski
resort in Summit County (3000 m) where he was
going to spend the week skiing. By mid-afternoon,
he was skiing at 3700 m. That night he developed a
headache which progressed to malaise, dyspnea and
a dry cough which by morning had progressed to
one with frothy sputum. He could not sleep and
went to the resort clinic where he was found by pulse
oximeter to have an oxygen saturation of 70%.
His examination revealed crackles, a tachycardia,
cyanosis and tachypnea. Application of 3 L min�1

flow of oxygen by nasal prongs resulted in a rise in
his oxygen saturation to 91%. He was sent to his
hotel room with oxygen therapy with his family.
Emergency medical help was available 24 h each
day. He was seen daily in the clinic and had improved
by the fourth day such that he was able to ski the
last 3 days of his vacation.

20.2.2 Incidence

Because of the problem of knowing the number of
people at risk, it is difficult to obtain data on the
incidence of HAPE. As with AMS, its incidence will
depend upon the rate of ascent and the height
reached. Hackett and Rennie (1976) saw seven
cases in 278 trekkers who passed through Pheriche
(4243 m) on their way to Everest Base Camp, giv-
ing an incidence of 2.5%. The incidence of AMS in
the same group was 53%. Menon (1965) found an
incidence of 0.57% in Indian troops flown to the
modest altitude of Leh (3500 m). Hultgren and
Marticorena (1978) gave an incidence of 0.6% in
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adults going to La Oroya, 3750 m. In these series a
diagnosis was only made in clear, overt cases. If the
chests of all new-comers to altitude are auscultated,
crackles will be heard in many who would not be
otherwise diagnosed as HAPE, and radiographic
signs are also found on chest X-ray in many subjects
after intense exercise (Anholm et al. 1999, Cremona
et al. 2002). Hence, we now believe that a degree of
subclinical edema is probably present in subjects
with and without simple AMS which contributes
to the reduced Sa,O2 (section 18.4.8). However, in
simple AMS or in subjects without any symptoms
of altitude illness, the edema is self-limiting; whereas
in HAPE it is progressive.

The incidence will be affected by health educa-
tion of people going to altitude. It is the impression
of health workers at the aid post at Pheriche
(4243 m) that the incidence is less following some
years of publicity about the dangers of HAPE
amongst trekkers and the trekking agencies.

20.2.3 Symptoms of HAPE

Table 20.1 shows the symptoms from the largest
series managed by a single physician (Menon 1965)
who reported 101 cases. The frequency of chest pain,
second only to breathlessness is unusually high.
Only 21% of patients complained of chest pain in a
German series (Lobenhoffer et al. 1982). Hallucina-
tions are not uncommon and, with confusion and
irrational behavior, may make management diffi-
cult. Nocturnal dyspnea and the symptoms of
AMS – headache, nausea and insomnia – are all
common, and almost all patients have marked lim-
itation in their exercise capabilities.

20.2.4 Signs

These depend upon the stage of the condition.
Probably the earliest signs are crackles at the lung
bases and tachycardia although the former is not
always reliable. Crackles may be heard in subjects
who have no other signs of HAPE and who do not
progress to the full blown condition (Maggiorini
2006). The presence of early edema may be the cause
of dry cough on exertion and of the shift to the left
of the pressure/volume curve of the lung (Mansell
et al. 1980, Gautier et al. 1982), the reduction in
forced vital capacity (Welsh et al. 1993, Fischer et al.
2005), and the increase in closing volumes (Cremona
et al. 2002). The pulse rate increases early and was
over 120 in 70 of 101 patients in Menon’s series
(1965). The respiratory rate was over 30 in 69 cases;
cyanosis was detected in 52 subjects.

The pulmonary artery pressure is high in this
condition (section 20.2.7) giving the signs of right
ventricular heave and accentuated pulmonary sec-
ond sound in about half the patients. Signs of right
ventricular failure are not prominent but 15 of
Menon’s patients had raised jugular venous pres-
sure and dependent edema is found in a number of
cases. The temperature is normal in at least 25% of
cases but was found to be mildly elevated (37–39°C)
in 70% of Menon’s cases. In only two cases was it
above 39°C. Maggiorini et al. (1997) found temper-
ature to be elevated by a mean of 0.8°C compared
with climbers without HAPE. The systemic blood
pressure is either normal or mildly elevated (systolic
130–140 mmHg) as is found in some subjects on
ascent to altitude who do not have HAPE.

Some subjects (15 in Menon’s series) have mental
confusion and amnesia following recovery. This may
be due to hypoxia or cerebral edema (Chapter 19).

20.2.5 Radiology

A number of studies have reported patchy infiltrates
(Hultgrem and Spickard 1960, Menon 1965, Vock 
et al. 1989, Vock et al. 1991, Koizumi et al. 1994).

Figure 20.1 shows a chest radiograph of a patient
with HAPE and a second radiograph 4 days later
after treatment. The typical features are of cotton
wool blotches irregularly positioned in both lung
fields, best seen by computerized tomography (Fig.
20.2). They are frequently asymmetrical; possibly
being denser on the side which has been dependent.
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Table 20.1 High-altitude pulmonary edema:
symptoms in 101 cases (Menon 1965)

Symptom No. of cases

Breathlessness 84
Chest pain 66
Headache 63
Nocturnal dyspnea 59
Dry cough 51
Hemoptysis 39
Nausea 26
Insomnia 23
Dizziness 18



Very often, the right side is more densely shadowed
(Menon 1965). Quite frequently, the lower zones,
especially the costo-phrenic angles, are spared as well
as the apices. The pulmonary vessels may be seen to
be engorged (Marticorena et al. 1964). The radi-
ographic appearance in early cases shows more
pathology than would be expected from clinical
examination (Menon 1965). In patients with a sec-
ond attack of HAPE there is no consistent pattern
in the areas of lung involved. In treated cases the
radiographic lesions clear rapidly (see Fig. 20.1),
often within 2 days (Houston 1960), though usually
lagging behind the improvement in symptoms.

20.2.6 Investigations

THE ELECTROCARDIOGRAPH

The ECG shows tachycardia. The P waves are often
peaked (P pulmonale), and there is right axis devia-
tion of the AQRS (mean, �123°). Some patients
show elevation of the S–T segment (Marticorena 
et al. 1964). T-waves may be inverted in the precordial
leads but this may be seen in asymptomatic subjects
at altitude (Milledge 1963). The ECG appearances
can be attributed to the very high pulmonary artery

pressure and the consequent increase in right ven-
tricular work.

HEMATOLOGY

Menon (1965) found that haemoglobin concentra-
tion was 14.0–16.0 g dL�1 and the sedimentation
rate was normal. The white cell count was raised in
75 of 95 cases. This elevation was due to an increase
in neutrophil count.

BLOOD GASES

PO2 and arterial oxygen saturation are low com-
pared with normal values for altitude. PCO2 is very
variable and is not significantly different from con-
trols (Antezana et al. 1982, Schoene et al. 1985).

URINE

Proteinuria was present in four of 101 cases (Menon
1965), but using more sensitive tests there was an
increase in urine protein in all subjects during the
first few days at altitude, the degree of proteinuria
correlating with the severity of AMS (Pines 1978;
Chapter 15).
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Figure 20.1 Radiograph of a patient with high altitude pulmonary edema: (a) on admission and (b) 4 days later.
(Reproduced with permission of Dr T. Norboo of Leh, Jammu and Kashmir, India.)



20.2.7 Cardiac catheter studies

There have been a number of catheter studies car-
ried out on patients with HAPE before treatment
(Penaloza and Sime 1969, Antezana et al. 1982) or

soon after starting treatment (Fred et al. 1962,
Hultgren et al. 1964, Roy et al. 1969). In all these
studies there was found to be a high pulmonary
artery pressure compared with healthy subjects at
the same altitude (Table 20.2). The wedge pres-
sures were normal. The pulmonary artery pressure
ranged up to 144 mmHg systolic at the high end
(Hultgren et al. 1964) but were still quite high at
60–80 mmHg systolic (Table 20.2). The normal
wedge pressure implies normal pulmonary venous
and left atrial pressures; in one subject direct meas-
urement of left atrial pressure was made via a
patent foramen ovale and was normal (Fred et al.
1962). The cardiac output was within the normal
range so the calculated pulmonary resistance was
markedly raised. There was no evidence of left ven-
tricular failure. Breathing 100% oxygen resulted in
a fall of pulmonary artery pressure to normal val-
ues within 3 min in two of five subjects. However,
in the other three, pressures fell but plateaued out
at 40–50 mmHg pulmonary artery pressure, well
above the upper limit of normal at that altitude
(Antezana et al. 1982).

Non-invasive echocardiography has afforded
investigators the opportunity to evaluate patients
during and after their bouts of HAPE (Kawashima
et al. 1989, Yagi et al. 1990, Hackett et al. 1992,
Vachiery et al. 1995, Busch et al. 2001, Berger et al.
2005). Similar responses were found during hypoxic
exercise (Fig 20.3). These findings have confirmed
the earlier catheterization studies (Table 20.2).

20.2.8 Population at risk

The etiology of HAPE is similar to that of AMS (sec-
tion 18.4), all ages and both sexes being susceptible.
There is an impression that children and young
adults are more prone to HAPE than older people.
Individual susceptibility for HAPE is more clear-cut
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Figure 20.2 (a) Radiograph of a 37-year-old male
mountaineer with HAPE which shows a patchy to
confluent distribution of edema, predominantly on 
the right side. (b) Computerized tomography scan of
27-year-old mountaineer with recurrent HAPE showing
patchy distribution of edema. (From Bartsch et al. 2005.)

Table 20.2 Cardiac catheter studies in HAPE at 3700 m (Data from Antezana et al. 1982)

Group Pulmonary artery pressure Wedge pressure Cardiac output 
(mmHg) (mmHg) (L min�1)

Systolic Diastolic

HAPE (n � 5) 81 49 5 5.8
Controls (n � 50) 29 13 9 6.4



than for AMS in that subjects (HAPE-S) who have
suffered HAPE on one occasion are very likely to
have problems on subsequent altitude trips. HAPE
has been described in both South (Hultgren and
Spickard 1960) and North America (Scoggin et al.
1977) in permanent high altitude residents, mostly
children, who have made brief forays to low altitude
(1–14 days) and have subsequently developed
HAPE. The role of smooth muscle remodeling and
vasoconstrictive reactivity has been speculated as an
etiology of this sporadic and unpredictable clinical
presentation. Finally, individuals with congenital
absence of a pulmonary artery are predisposed to
developing HAPE (Hackett et al. 1980).

20.2.9 Physiologic characteristics

LUNG VOLUMES

One possibility is that HAPE-susceptible individu-
als have a restricted lung vasculature or just smaller
lungs. Surface area of the pulmonary vascular bed
may influence vascular resistance encountered when
HPVR and augmented blood flow merge to stress

the microvasculature. A study by Steinacker et al.
(1998) tested this idea by comparing eight such
subjects with controls at rest and on exercise in nor-
moxia and hypoxia. The HAPE-prone group had
35% smaller functional residual capacity, 7–10%
smaller vital and total lung capacities and did not
increase their diffusing capacities as much on exer-
cise under hypoxia. This lends support to the
hypothesis of smaller lungs in HAPE-susceptible
individuals. A similar conclusion had been reached
by Podolsky et al. (1996) who studied the pulmonary
response to exercise in HAPE-susceptible subjects at
sea level and 3810 m. They found greater vascular
reactivity in HAPE subjects. The reactivity was not
affected by altitude or oxygenation so was due to
either flow-dependent pulmonary vasoconstriction
or a reduced vascular cross-sectional area.

VENTILATION

Susceptible subjects have characteristics which
appear to accentuate the effects of hypoxia on acute
ascent to high altitude. For instance, the primary
defense against hypoxemia is the hypoxic ventilatory
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Figure 20.3 PASP response to exercise. Discrimination between controls and HAPE-S subjects by their PASP response
to exercise estimated by Doppler echocardiography. HAPE-S, subjects susceptible to high-altitude pulmonary edema
(n � 9), CONTROLS, control subjects (n � 11). No significant differences at rest between both groups (p � 0.28). *Mean
maximal PASP in controls (36 � 3 mmHg) vs. HAPE-S (55 � 11 mmHg) subjects, p � 0.002.



response (HVR). Several studies have demonstrated
that HAPE-S subjects have relatively blunted HVR
responses (Hyers et al. 1979, Hackett et al. 1988,
Matsuzawa et al. 1989, Selland et al. 1993, Schirlo 
et al. 2002). A more blunted HVR results in less
alveolar hypoxia, the effect of which can be espe-
cially strong in individuals with brisk hypoxic pul-
monary vasoconstrictive responses (HPVR).

PULMONARY HEMODYNAMICS

As mentioned previously (section 20.2.7), susceptible
subjects have a greater HPVR than control subjects
who had been to altitude previously without prob-
lems (Hultgren et al. 1971, Vachiery et al. 1995,
Eldridge et al. 1996, Scherrer et al. 1996). Hohenhaus
et al. (1995) studied both the pulmonary pressor and
hypoxic ventilatory responses in HAPE-susceptible
subjects and concluded that they had lower HVR
than controls but not significantly different from
subjects who had simple AMS. The latter had a wide
range of HVR. Some HAPE-susceptible subjects had
very brisk pressor responses but not all subjects
could be separated from controls by this test.

PULMONARY VASOACTIVE MEDIATORS

An imbalance of vasoactive mediators may be
responsible for an accentuated HPVR, and there

may be genetic predisposition to such disarray. An
increased concentration of thromboxane B2 was
found in broncho-alveolar lavage fluid of HAPE
victims compared to controls (Schoene et al. 1986,
1988), but more recently attention has shifted to 
the opposing influences of nitric oxide (NO) and
endothelin-1 (ET-1). NO is an evanescent, endothe-
lially derived molecule that is a potent pulmonary
vasodilator. During the development of edema in
HAPE-S at 4559 m, exhaled NO was 30% lower than
in control subjects which also showed an inverse rela-
tionship with pulmonary artery pressure (PAP)
(Duplain et al. 2000, Fig. 20.4a). It was hypothesized
that a defect in NO synthesis predisposed HAPE-S
individuals to accentuated PAP and thus HAPE. A
subsequent study (Busch et al. 2001; Fig. 20.4b) noted
that when HAPE-S subjects were exposed to 2 h of
acute hypoxia, exhalation of NO decreased, whereas
control subjects had no change in NO exhalation.
These findings also correlated with an increase in
PAP as NO fell. Hypoxia per se may induce systemic
endothelial dysfunction in HAPE-S subjects com-
pared to controls (Berger et al. 2005). This response
is not isolated to the pulmonary vasculature and
results in decreased NO production which corre-
lated with an increase in PAP in this study. HAPE-S
subjects have also been found to have impaired
release of NO when exposed to hypoxia (Berger 
et al. 2005).
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Endothelin-1 is a potent vasoconstrictor, and
plasma levels were found to be 33% higher in
HAPE-S subjects compared to controls at 4559 m
(Sartori et al. 1999b). PAP values were higher in
HAPE-S subjects, and these levels correlated with
the increase in ET-1. It is not clear though whether
these higher values are secondary to increased ET-1
production or decreased clearance.

Inherent sympathetic activity may play an
important role in HAPE-susceptibility. Duplain et al.
(1999a) measured sympathetic activity directly from
postganglionic nerve discharge in HAPE susceptible
subjects in response to a short hypoxic test. They
found at both high and low altitude that the test
subjects had two to three times the response com-
pared with controls suggesting that sympathetic
over-activation may be a part of the susceptibility.

ALVEOLAR FLUID CLEARANCE (AFC)

Most of the early studies of HAPE focused on leak
from the microvasculature, but fluid flux in the
lung also involves clearance of fluid from the alveolar
and interstitial spaces to the lymphatic drainage.
This process of active water and sodium transport
across the alveolar epithelial cells is mediated by 
a Na�–K�-ATPase pump which is inhibited by
hypoxia (Planes et al. 1997, Pham et al. 2002) (Fig.
20.5). It was hypothesized that individuals with
impaired AFC would be HAPE-susceptible.

Similar sodium and water transport mechanisms
exist in the nasal epithelium and are thought to be
reflective of the alveolar epithelium (Mairbaurl et al.
2003, Sartori et al. 2004). Scherrer and colleagues
have reinforced the proposition that pulmonary
hypertension by itself does not cause pulmonary
edema (section 20.7.3 and Sartori et al. 1999b). How-
ever, in transgenic mice with disruption of the gene
for the α sub-unit of the amiloride-sensitive epithe-
lial sodium channel, hypoxia did induce pulmonary
edema. The same group has found a similar defect
in epithelial ion transport in HAPE-susceptible
human subjects (Lepori et al. 1999).

Taking advantage of the fact that one of the effects
of beta-2 receptor agonists is to facilitate AFC,
Sartori et al. (2002) used high doses of inhaled sal-
meterol in 37 HAPE-susceptible climbers taken to
4559 m and reduced the incidence of HAPE by
50%. Compared to controls, the HAPE-S subjects
also had trans-nasal epithelial sodium transport that

was 30% lower than non-HAPE controls. Beta-
agonists lower PAP and decrease inflammation so
that beneficial effect in decreasing HAPE may not
be totally attributable to the facilitation of AFC.
Mason et al. (2003) tracked the association of AFC
by use of nasal transmembrane potentials and lung
volumes (vital capacity) befores, during and after
an ascent to 3800 m. The findings suggested that an
altered respiratory epithelial transport may play a
role in the accumulation of extra-vascular water.
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GENETIC MARKERS

With an increasing array of genetic markers at the
disposal of investigators, HAPE has come within
the sights of researchers who are studying genes
and disease states. Hanoka et al. (1998) found an
association of certain HLA complexes (HLA-DR6
and HLA-DQ4) in patients with a history of HAPE.
Hypothetically, there could be an association of
angiotensin converting enzyme (ACE) insertion/
deletion (I/D) gene polymorphism and vasocon-
striction and fluid retention and thus potentially
related to HAPE susceptibility. Morrell et al. (1999)
reported that Kyrghyz highlanders with pulmonary
hypertension had a high incidence of the D allele
of the ACE gene compared with subjects suspected
but found not to have pulmonary hypertension,
but two more recent studies in a large number of
subjects at altitudes from 3000 to 4559 m (Dehnert
et al. 2002, Kumar et al. 2004) demonstrated no
relationship between ACE I/D gene polymor-
phisms and HAPE. In 49 HAPE-susceptible and 55
healthy climbers, Hotta et al. (2004) also found no
relationship between ACE-I/D genes and HAPE
susceptibility, but in a subset of HAPE subjects the
D allele of the ACE-I/D polymorphism was associ-
ated with pulmonary vascular hyper-responsiveness
in patients who were catheterized and challenged
with hypoxia.

As mentioned earlier, an impairment of NO
synthesis can lead to less pulmonary vasodilatation
with hypoxic stress which may be a permissive factor
in the development of HAPE. Gene polymorphisms
for endothelial-derived NO synthase (e-NOS) were
studied in HAPE-susceptible subjects, and two
variants of the e-NOS gene were present in 25.6
and 23.2% versus 9.8 and 6.9% in HAPE-S versus
controls. These results suggest a genetic etiology to
e-NOS related pulmonary vascular reactivity and
HAPE susceptibility.

In another line of genetic investigation, Saxena
et al. (2005) studied polymorphisms of the 
pulmonary surfactant protein A1 and A2 genes
(SP-A1 and SP-A2). SP-A is a potent anti-oxidant
which protects against inflammatory reactions and
oxidative damage and thus lung injury. The poly-
morphisms have been associated with respiratory
distress syndrome, chronic obstructive pulmonary
disease, and pulmonary infection. In this study,
HAPE subjects homozygous for SP-A1 and SP-A2
had a higher degree of oxidative damage. HAPE 

subjects heterozygous for the polymorphisms had a
lower degree of oxidative damage while control
subjects without a history of HAPE and no gene
polymorphisms had little to no oxidative damage.

These studies are just the beginning of what will
become a plethora of genetic studies in the future
which will further unravel the fascinating mecha-
nism of HAPE.

20.2.10 Summary of HAPE susceptibility

A number of physiologic, cellular and genetic mark-
ers have provided investigators with important
insight into the underlying mechanisms of HAPE:

● Smaller lung volumes and presumed 
vascular bed

● Blunted ventilatory responses to hypoxia
● Accentuated hypoxic pulmonary

vasoconstriction
● Imbalance of vasoactive mediators that

enhance (endothelin-1) and relax hypoxic
pulmonary vascular tone

● Impaired trans-alveolar epithelial sodium and
water clearance

● Gene polymorphisms which mediate e-NOS
and surfactant

20.3 PREVENTION AND TREATMENT

20.3.1 Slow ascent

It is thought that HAPE occurs in individuals who
have not yet acclimatized with special disposition
in those who have characteristics which make them
susceptible. It can occur in individuals with AMS;
therefore, if a sufficiently slow ascent is undertaken
both AMS and HAPE may be avoided (section
18.6.1). However, because of the rush of modern-day
life, people often ascend at a rate that puts them at
risk of AMS and HAPE.

20.3.2 Exercise

Many case histories from Houston (1960) onwards
emphasize the point that patients have been very
energetic while getting to high altitude or on arrival
there. Ravenhill (1913) was of the opinion that phys-
ical exertion rendered a man more susceptible to
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AMS in general. The Indian Army, with great experi-
ence of HAPE since the war with China in the
Himalayas in 1962, advises all inductees to altitude to
take no unnecessary exertion for the first 72 h.
Exercise, by increasing cardiac output, raises the pul-
monary artery pressure, especially in subjects suscep-
tible to HAPE and it is believed that the higher the PA
pressure, the greater the risk of HAPE. In healthy
subjects at altitude, Eldridge et al. (1998) have shown
that strenuous exercise results in the appearance of
RBCs, WBCs and gdT cells in the lavage fluid. The
latter cells indicate damage to the endothelium and
play a role in inflammation. Anholm et al. (1999)
found radiographic evidence of pulmonary edema in
a group of cyclists at the end of a run a modest alti-
tude. However, HAPE can occur in the absence of
hard physical exertion; 66 of Menon’s 101 cases had
taken no exercise more strenuous than office work,
travelling as passengers in a truck or walking about
on level ground (Menon 1965). Nevertheless, the
anecdotal evidence is strong enough to advise people
who have to make a rapid ascent to altitude to avoid
hard physical exertion for 2 days or more.

20.3.3 Drugs

Some of the emerging suggestions for therapy to pre-
vent HAPE have evolved from important physiologic
observations which, as mentioned previously, are
associated with susceptibility to HAPE. This section
will address a number of pharmacologic interven-
tions which are potentially effective for both preven-
tion and treatment.

ACETAZOLAMIDE

Acetazolamide (section 18.6.2), by preventing or at
least reducing AMS, probably also reduces the risk
of HAPE, but no studies have directly addressed
this issue. On the other hand, acetazolamide, not
by carbonic anhydrase inhibition or NO release, has
been shown to reduce HPVR (Höhne et al. 2004,
Swenson 2006, Höhne et al. 2006) and may by its
effect on calcium channels reduce HPVR and sub-
sequent susceptibility to HAPE.

CALCIUM CHANNEL BLOCKERS

Oelz et al. (1989) showed that nifedipine was of value
in the treatment of HAPE. Six subjects with clinical
physiological and radiographic evidence of HAPE

were treated with 10 mg of nifedipine sublingually
and 20 mg slow release orally every 6 h thereafter.
Despite continued exercise at 4559 m this treatment
without oxygen resulted in clinical improvement,
better oxygenation, reduced (A–a)PO2 gradient and
pulmonary artery pressure, and clearing of alveo-
lar edema. The sublingual preparation is very rap-
idly absorbed and occasionally results in systemic
hypotension. Therefore most physicians now do
not use it.

Bartsch et al. (1991) took advantage of the strong
relationship between an accentuated HPVR and
HAPE, used a calcium-channel blocker, nifedipine,
in a group of HAPE-susceptible individuals in a con-
trolled trial upon ascent to the Margherita Hut at
4559 m and essentially prevented HAPE while also
mitigating the expected rise in PAP in these subjects.

NITRIC OXIDE

Nitric oxide (NO) produced by endothelial cells is
a naturally occurring potent vasodilator. It was first
used in the treatment of HAPE by Scherrer et al.
(1996) who took 18 HAPE-susceptible subjects to
4559 m. Their pulmonary artery pressures were
higher and Pa,O2 lower than control, non-susceptible
subjects. NO lowered their PA pressure and raised
their Pa,O2 whereas in control subjects Pa,O2 fell.
The latter was thought to be due to increas-
ing V/Q mismatching. In HAPE subjects, NO goes
preferentially to ventilated, non-edematous areas
dilating the vessels there. This shifts blood flow from
edematous to non-edematous areas with improve-
ment in V/Q matching. The beneficial effects of
NO were confirmed by Anand et al. (1998) in 14
patients with established HAPE. They compared
NO treatment with 50% O2 and NO plus O2 50%.
Both NO and O2 were effective in reducing PA
pressure and improving Pa,O2 but the combination
had an additive effect. Omura et al. (2000) exposed
rats to normobaric hypoxia (FI,O2 � 0.10) with
one group on 83 ppm NO and the other controls.
Mortality was reduced from 39.5 to 6.2% on NO
with heavier lung weight in the controls suggesting
that NO was beneficial in minimizing pulmonary
edema in this rat model of HAPE. These studies
are of great interest in understanding the mecha-
nisms of HAPE, but NO is not suitable for use in
the field; and if the patient reaches a hospital, the
descent, calcium channel blockers and oxygen are
almost always effective in relieving the condition.

Prevention and treatment 289



PHOSPHODIESTERASE-5 (PDE-5) 
INHIBITION

Other interventions may affect e-NOS which result
in pulmonary vasodilatation. There has been recent
interest in PDE-5 inhibitors (sildenafil, tadalafil)
which inhibits cGMP in the lungs, lower PAP and
increase exercise performance at high altitude
(Ghofrani et al. 2004, Richalet et al. 2005a) and pre-
vent HAPE (Maggiorini 2006). This line of drugs
may provide prophylactic as well as therapeutic
benefits in HAPE.

GLUCOCORTICOIDS

Maggiorini et al. (2006) also noted that high dose
dexamethasone prevented the increase in PAP as
much as tadalafil which initially seemed surprising.
Dexamethasone may promote eNOS synthase by
inhibiting hypoxia-induced endothelial dysfunction
(Murata et al. 2004) which would have some of the
same salutary effects as other vasodilators in pre-
venting HAPE. Other effects of glucocorticoids,
however, make dissecting this beneficial mechanism
difficult. For instance, dexamethasone increases the
Na�–K� ATPase pump at the epithelial layer (Noda
et al. 2003), and pulmonary vascular permeability
was reduced in rats treated with hypoxia (Stelzner 
et al. 1988).

OTHER VASODILATORS

Hackett et al. (1992) have shown that several vaso-
dilators are beneficial in HAPE as indicated by a
reduction in pulmonary artery pressure, pulmonary
vascular resistance and improved gas exchange (Fig.
20.6). Nifedipine and hydralazine were of equal ben-
efit but rather less effective than oxygen. Phento-
lamine, an alpha-blocker, was more effective than
oxygen and, when combined with oxygen, was even
more effective.

20.3.4 Field treatment

In mild to moderate cases of HAPE in an environ-
ment where medical help is available, e.g. a ski resort,
and when Sa,O2 can be improved to greater than
90% on low-flow oxygen, patients can be treated

with oxygen and close observation without going
down unless the clinical situation worsens (Zafren 
et al. 1996). In other situations when the patient is
more severely ill and where medical care is not avail-
able, the single most important maneuver in treating
HAPE is to get the patient down as fast and as far as
possible. Even a descent of as little as 300 m may
improve a patient’s condition dramatically (report of
Case 2, in section 19.2). However, there are often
unavoidable delays while awaiting evacuation and
there are a number of therapeutic possibilities.

OXYGEN

Breathing air enriched with oxygen, if available, is an
obvious and invaluable treatment. It relieves hypoxia
and reduces pulmonary artery pressure (section
19.2.6), but, while most patients benefit, in some, the
relief is only partial, and in a few, deterioration may
continue. The dosage of oxygen is usually dictated 
by its supply. If there is sufficient, a flow of 6–10 L
min�1 is indicated for the first few hours, reducing
to 2–4 L min�1 when there is improvement.

DIURETICS

Since the patient has edema, diuretics have been
used in the treatment of HAPE (Singh et al. 1965);
however, since subjects at high altitude are often vol-
ume depleted to begin with, any presumed benefit
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Figure 20.6 Percentage change in mean pulmonary
artery pressure (Ppa) and pulmonary vascular resistance
(PVR) with five different interventions in subjects with
HAPE. Nif, nifedipine; Hydral, hydralazine; Phen,
phentolamine. (Reproduced with permission from Hackett
et al. 1992.)



of diuretics is outweighed by the risk of further vol-
ume depletion and the dangers in the field setting
thereof.

ANTIBIOTICS

Many cases of HAPE have mild fever and leucocyto-
sis suggesting that infection may play a part; however,
there has never been any evidence that pneumonia
initiates or perpetuates HAPE. Menon (1965) dis-
continued the use of antibiotics in his last 44 cases of
HAPE with no apparent disadvantage to the out-
come. Unless there is evidence of a concurrent infec-
tion, antibiotics should not be used in HAPE.

OTHER DRUGS

Digoxin has been used in cases of HAPE in its early
clinical history. Menon (1965) observed the effect of
an intravenous dose of 0.5–1.5 mg in 66 patients
and claimed that the response was uniformly good
within a few hours, even in patients given only 1 L
min�1 of added oxygen. However, there was no evi-
dence of myocardial failure nor was there atrial fib-
rillation, the current indications for digoxin therapy,
and its use is no longer advised.

Morphine (15–30 mg i.v.) has been used, again
with the clinical impression that this resulted in a
reduction in pulmonary edema. As it does in acute
left ventricular failure, it also makes the patient
more comfortable, possibly by causing peripheral
vasodilatation and a decrease in pre-load on the
right ventricle and thus a shift of blood from cen-
tral to peripheral circulations. However, its respira-
tory depressant effects should make for caution in
its use, especially in the field setting.

EXPIRATORY POSITIVE AIRWAYS PRESSURE

Feldman and Herndon (1977) suggested that expi-
ratory positive airways pressure might be beneficial
in HAPE by analogy with its use in other forms of
pulmonary edema. They proposed a simple device
in which the subject exhaled through an underwa-
ter tube to achieve the desired positive pressure
whilst inspiration was direct from atmosphere.

Schoene et al. (1985) used a commercial expira-
tory positive pressure mask on four patients with
HAPE on Mount McKinley. They showed that,
using the mask, arterial saturation was increased

with increasing positive pressure (up to 10 cm
water). There was a concomitant rise in PCO2 but
not of heart rate. The intrathoracic pressure would
be negative during inspiration so the cardiac out-
put would probably not be reduced. A similar effect
can be achieved by pursed lips expiration as used
by patients with severe emphysema; mountain
guides advise this, presumably because they have
found it to be beneficial.

PORTABLE HYPERBARIC CHAMBER: 
THE GAMOW OR CERTEC BAGS

A lightweight rubberized canvas bag has been devel-
oped into which a patient can be zipped and the
bag pressurized using a foot pump. There is a pres-
sure relief valve set to 2 psi. This pressure gives the
equivalent altitude reduction of almost 2000 m
from a typical base camp altitude of 4000–5000 m.
There are currently two commercially available bags:
the Gamow from the USA and Certec from France.
There have been numerous accounts of their use in
HAPE and HACE, with good results (Robertson
and Shlim 1991). One report draws attention to
the considerable placebo effect of the procedure.
Roach and Hackett (1992) have reviewed the effi-
cacy of hyperbaric treatment. They conclude that
both oxygen and hyperbaria are effective. There may
be a rebound effect some hours after treatment (typ-
ically 1–2h duration). A recent controlled trial in
benign AMS has shown that 1 h in the bag at pres-
sure (193 mbar) was significantly more effective in
reducing symptoms than control (1 h at the trivial
pressure of 20 mbar) (Bärtsch et al. 1993). The effort
of maintaining the necessary pumping for even 1 h is
considerable, especially at altitude where the number
of rescuers might be limited. Duff (1999b), reporting
a case, makes the useful point that some patients
with severe HAPE or HACE may be orthoponeic
when made to lie flat in a compression bag and in
their confused state may become belligerent. Their
condition may be confused with claustrophobia. The
solution is to position the bag at a 30° head-up angle.

20.3.5 Summary of prevention and
treatment

Prevention of HAPE should be undertaken in indi-
viduals with a previous history of HAPE, especially
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if they are undergoing an unavoidably rapid ascent.
These measures are:

● Encourage slow ascent, if at all possible, to
allow for acclimatization

● Use of nifedipine or other pulmonary
vasodilators (PDE-5 inhibitors, maybe
acetazolamide or dexamethasone) if rapid
ascent is unavoidable, especially in HAPE-S
subjects

● Use of drugs which increase alveolar fluid
clearance (inhaled beta-agonists,
dexamethasone) upon ascent

The treatment of HAPE should consist of:

● Mild to moderate HAPE patients where
medical help is available can be treated with
oxygen and observation unless the clinical
situation deteriorates.

● With more severe HAPE or in areas where
medical help is not available, getting the 
patient down in altitude as fast and as 
low as possible is the most prudent 
approach.

● While awaiting evacuation, or if evacuation is
not possible, give oxygen or hyperbaria.
Nifedipine 20 mg slow release should be given
and a broad-spectrum antibiotic should be
considered. Sildenafil or tadalafil may also be
beneficial.

● The use of expiratory positive airway pressure,
with a respiratory valve device, or failing that,
by pursed lips breathing, will give some
temporary improvement.

20.4 OUTCOME

In fully established cases, where evacuation to lower
altitude is impossible and no intervention is under-
taken, death within a few hours is usual. If cases are
recognized early and taken down, patients usually
recover completely in 1 or 2 days, but occasionally
they continue to deteriorate and die even after
being brought down to lower altitude, especially if
there are symptoms of cerebral edema (Dickinson
et al. 1983). Only one case has been reported as 
progressing to adult respiratory distress syndrome
(Zimmerman and Crapo 1980). Usually, the 

pulmonary hypertension reduces rapidly on going
to low altitude and the inverted T waves on the
ECG return to normal (Singh et al. 1965, Fig. 3).
But Menon (1965) mentions two soldiers (out of
101 cases) who having recovered from HAPE had
to be evacuated later because of breathlessness, pre-
cordial pain and inverted T waves in their EGC, and
Fiorenzano et al. (1997) reported one case with
prolonged T-wave inversion in the precordial leads
suggesting prolonged pulmonary hypertension.
Even patients who have apparently fully recovered
have been shown to have significant hypoxaemia
and widened (A–a)PO2 gradients for up to 12 weeks
(Guleria et al. 1969). However, after recovery at lower
altitudes, many climbers have returned within a few
days to climb their peaks without further trouble
(Schoene et al. 1986, 1988).

20.5 PATHOLOGY

20.5.1 Post-mortem examination

There have been a number of post-mortem studies
which have shown a similar pathology in the heart
and lungs (Hultgren et al. 1962, Arias-Stella and
Kruger 1963, Marticorena et al. 1964, Nayak et al.
1964, Singh et al. 1965, Dickinson et al. 1983,
Hultgren et al. 1997). The lungs are heavy and feel
solid. The cut surface weeps edema fluid, usually
blood stained, but a striking feature is the non-
uniform nature of the edema. Areas of hemorrhagic
edema alternate with clear edema and with areas
which are virtually normal (or over-inflated).
Pulmonary arterial thrombi are commonly found.

On microscopy, alveoli are filled with fluid con-
taining red blood cells, polymorphs and macro-
phages, though not in great numbers. Hyaline
membranes are found in the alveoli, identical with
those seen in respiratory distress syndrome of the
new-born. The pulmonary capillaries are con-
gested with small arteries and veins containing
thrombi and fibrin clot. Perivascular edema and
hemorrhage are found. In post-mortem studies of
high altitude natives from South America the pul-
monary arteries are very muscular and the right
ventricle is hypertrophied. In lowlanders the pul-
monary vessels have normal musculature (Dickinson
et al. 1983).
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20.5.2 The edema fluid

The hyaline membranes are probably formed by coa-
lescence of proteins, suggesting a high protein
edema. It has been shown in life that the edema fluid
is rich in protein. Hackett et al. (1986) sampled pure
edema fluid by bronchoscopy in one case and
showed it to have a plasma/fluid ratio of 0.8:1.1 for
total protein. Schoene et al. (1986) took broncho-
alveolar lavage fluid from three cases of HAPE and
compared it with lavage fluid from three controls at
the same altitude (4400 m). The fluid from patients
was rich in high molecular weight protein, red blood
cells and macrophages. These findings suggest a ‘large
pore’ leak type of edema. In further studies the same
group (Schoene et al. 1988) also found that the fluid
was rich in alveolar macrophages and a high concen-
tration of high molecular weight proteins. There was
evidence of activation of complement (C5a) and
release of thromboxane B2 and leukotriene B4.
Tsukimoto et al. (1994) also showed under tightly
controlled laboratory conditions in the rat, that ele-
vation of the capillary pressure alone resulted in the
appearance of leukotriene B4 in the BAL fluid.
Recently, a Japanese group (Kubo et al. 1998) has car-
ried out BAL in seven patients with early HAPE and
found increased cell counts of macrophages, lym-
phocytes and neutrophils plus markedly elevated
concentrations of proteins, lactate dehydrogenase,
IL-1β, IL-6, IL-8, and TNFα. IL-6 and TNFα were
shown to correlate with the Pa,O2 and pulmonary
artery driving pressure (PPA � Pwedge). Swenson et al.
(2002) carried out bronchoalveolar lavage (BAL) in
HAPE-S subjects as soon as they arrived at the
Margherita Hut and developed signs of HAPE. The
BAL fluid showed a high protein concentration but
no signs of inflammation. This important study
determined that an inflammatory response does not
play a role in the initiation of HAPE.

20.6 MECHANISMS OF HAPE

There is evidence suggesting that a degree of sub-
clinical pulmonary edema is common during the
second and third days at altitude. There is a reduc-
tion in vital capacity, a shift of the pressure/volume
curve of the lung (Mansell et al. 1980, Gautier et al.
1982), and an increase in alveolar arterial oxygen
difference (Sutton et al. 1976). This might simply

be part of a generalized increase in extracellular fluid
volume which shows itself as subcutaneous edema
in the face on rising in the morning and in the
ankles later in the day. In the skull, the same edema
raises the intracellular pressure and may give rise
to the symptoms of AMS, but the progression 
from this mild edema to clinical pulmonary edema
requires a further mechanism or mechanisms.

20.6.1 Facts that require explanation

Any hypothesis that seeks to explain the mechanism
of HAPE must take into account the following facts:

● The edema is of the high protein type
● The patchy distribution of the edema seen on

post-mortem and radiology (Fig. 20.1)
● The very high pulmonary artery pressure and

normal wedge (and left atrial) pressures (Table
20.2); the improvement which follows
treatment with different drugs which reduce
the pulmonary artery pressure indicates the
importance of this factor in the mechanism of
HAPE

● The presence of vascular thrombi and fibrin
clots in pulmonary vessels (section 20.4.1)

● The individual susceptibility which is
associated with an increased hypoxic
pulmonary pressor response (Hultgren et al.
1971) and response to exercise (Kawashima 
et al. 1989)

● The increased risk of HAPE with exercise on
arrival at altitude

20.6.2 Left ventricular failure

Although HAPE resembles left ventricular failure
(LVF) clinically, which is why Ravenhill (1913)
called it puna of the cardiac type, it is not now
thought to be due to left ventricular failure per se.
Most catheter studies have shown normal wedge
pressures and the edema fluid is of the high protein
permeability type. On the other hand, Maggiorini
et al. (2001) found elevated pulmonary capillary
wedge pressures, consistent with pulmonary veno-
constriction, but the chest radiograph and pathol-
ogy are not typical of LVF.
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20.6.3 Pulmonary hypertension

The extraordinarily high pulmonary artery pres-
sure found in HAPE must play a role in the mech-
anism of the condition. High pulmonary artery
pressure by itself does not cause edema, as for
instance in primary pulmonary hypertension, or in
a group of men studied by Sartori and colleagues
(1999b). These individuals had suffered a period of
hypoxia in the neonatal period and as a result had
exaggerated pulmonary hypoxic pressor responses.
When taken up to high altitude, they had high PA
pressures but did not develop HAPE. This is per-
haps not surprising since the resistance vessels, the
arterioles, are upstream of capillaries and therefore
capillary pressure should be normal. One must
therefore postulate some further mechanism as
well as, but related to, the pulmonary hypertension.
The following have been proposed.

20.6.4 Uneven pulmonary
vasoconstriction and perfusion

Hultgren (1969) suggested that the edema is caused
by a very powerful, but uneven, vasoconstriction
so that there is reduced blood flow in some parts of
the lung and torrential blood flow in others. He
showed (Hultgren et al. 1966) that if one progres-
sively ties off more and more of the pulmonary
arterial tree in a dog, thus forcing the total cardiac
output through only a portion of the lung, pul-
monary edema results in that part of the lung that
remains perfused.

A case report by Dombret et al. (1987) provides
confirmation in humans of Hultgren’s experimen-
tal findings. The reported patient had a massive
pulmonary embolus resulting in perfusion being
reduced to only the left upper and middle lobes.
She developed symptoms and signs of pulmonary
edema, which on radiograph were shown to be
confined to those same perfused lobes.

Evidence in favor of this mechanism as being
the cause of HAPE is provided by Viswanathan et al.
(1979) who, at sea level, studied 12 subjects who
had recovered from HAPE. They showed that, on
being given 10% oxygen to breathe, they had a
greater pulmonary pressor response than controls
and on lung scanning their perfusion was more
uneven.

This hypothesis accounts well for the patchy
distribution of the condition. High flow through
less severely constricted areas might well produce
edema by capillary stress failure (section 20.6.5).
Added support for this hypothesis came from a
paper by Hackett et al. (1980), who collected four
cases of HAPE occurring at very modest altitudes
(2000–3000 m) in subjects who had a congenital
absence of the right pulmonary artery. The edema
developed in the left lung, which received the total
cardiac output. That four cases of HAPE developed
in such an uncommon condition (only 50 cases
have been described in the world literature) strongly
suggests a causative rather than a coincidental
association. Pulmonary blood flow was re-distributed
in rats when exposed to severe hypoxia (Kuwahira
et al. 2001), while Hanaoka et al. (2000) demon-
strated a more marked cephalad distribution of
blood flow in HAPE-susceptible subjects when
exposed to hypoxia. Using magnetic resonance
imaging in HAPE-susceptible subjects and controls,
Hopkins et al. (2005) found marked heterogeneity
of blood flow in the HAPE-susceptible subjects
when exposed to hypoxia.

20.6.5 Stress failure of
pulmonary capillaries

It has been proposed that HAPE is caused by dam-
age to the walls of pulmonary capillaries as a result
of very high wall stresses associated with increased
capillary transmural pressure (West et al. 1991,
West and Mathieu-Costello 1992a). These high
capillary pressures are the result of uneven hypoxic
pulmonary vasoconstriction as originally proposed
by Hultgren (1969). Extensive laboratory studies
have now shown that raising capillary transmural
pressure causes ultrastructural damage to the cap-
illary walls, including disruption of the capillary
endothelial layer, alveolar epithelial layer, and some-
times, all layers of the wall (Tsukimoto et al. 1991,
West et al. 1991, Costello et al. 1992, Elliott et al.
1992, Fu et al. 1992). The result is a high perme-
ability form of pulmonary edema (Tsukimoto et al.
1994). Figure 20.7 is an electron micrograph show-
ing rupture of a pulmonary capillary wall in a rat
exposed to a barometric pressure of 294 mmHg for
4 h. Note the red blood cell in the process of moving
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from the capillary lumen to the alveolar space (West
et al. 1995).

The work on stress failure began because of two
key observations about HAPE. The first is that, as
described above, there is a very strong relationship
between the occurrence of HAPE and the height 
of the pulmonary arterial pressure. This suggests
that HAPE is caused in some way by high vascular
pressures in the pulmonary circulation. The second
observation was that samples of alveolar fluid
obtained by bronchoalveolar lavage in patients with
HAPE show that the fluid is of the high permeability
type with a large concentration of high molecular
weight proteins and many cells. This observation
strongly suggests that HAPE is associated with
damage to the walls of the pulmonary capillaries by
some mechanism. The problem therefore was to
reconcile a hydrostatic pressure basis for the disease
with the development of abnormalities in the cap-
illary walls. As a result, extensive studies of the
effects of raising pulmonary capillary pressure on
the ultrastructure of pulmonary capillaries were
carried out. These showed that stress failure is
common in rabbit lung when the capillary trans-
mural pressure rises to 40 mmHg and that when it
occurs it causes a high permeability type of pul-
monary edema.

It is not at all surprising that pulmonary capil-
laries break under these conditions because the cal-
culated wall stress of the capillary is extremely high
(West et al. 1991, West and Matthieu-Costello
1992b). The surprising thing is not that the capil-
laries fail, but that they do not fail more often. Stress
failure is now believed to play a role in a number of
lung diseases (West and Mathieu-Costello 1992c)
and is also the cause of bleeding into the lungs of
racehorses, which is extremely common (West et al.
1993).

Bronchoalveolar lavage studies in patients with
HAPE show the presence of inflammatory markers
including leukotriene B4, other lipoxygenase prod-
ucts of arachidonic acid metabolism, and C5a com-
plement in the lavage fluid (Schoene et al. 1988).
These lavage studies were not done in early stages
of HAPE as was the study of Swenson et al. (2002)
where no inflammatory markers were found. At first
sight these findings might seem to argue against
stress failure of pulmonary capillaries as a mecha-
nism. However, an important feature of the ultra-
structural changes in stress failure is that the
basement membranes of capillary endothelial cells
are frequently exposed (Tsukimoto et al. 1991).
The exposed basement membrane is electrically
charged and highly reactive, and can be expected to
activate leucocytes and platelets. In bronchoalveo-
lar studies of the rabbit preparation, leukotriene B4

is seen in the lavage fluid (Tsukimoto et al. 1994).
Platelet activation will result in the formation of
fibrin thrombi, which are a feature of the pathol-
ogy of HAPE (Arias-Stella and Kruger 1963). As
mentioned above, the study of Swenson et al.
(2002) put to rest the role of inflammation in the
initiation of HAPE as they found no evidence of
inflammation in BAL fluid in HAPE-S subjects in
the early stages of the development of HAPE.

A striking feature of stress failure of pulmonary
capillaries is that some of the breaks are rapidly
reversible when the pressure is reduced. In one study
carried out in rabbit lung, it was found that about
70% of both the epithelial and endothelial breaks
closed within a few minutes of the pressure being
reduced (Elliott et al. 1992). This rapid reversibility
of most of the disruptions may explain why patients
with HAPE often rapidly improve when they descend
to a lower altitude.

Stress failure of pulmonary capillaries had not
previously been suggested as the mechanism of
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Figure 20.7 Electron micrograph of a pulmonary
capillary in a rat exposed to a barometric pressure of
294 mmHg for 4 h. Note rupture of the capillary wall
with a red cell moving out of the capillary lumen (c) into
an alveolus (a). (From West et al. 1995.)



HAPE. However, Mooi and co-workers (1978)
studied the ultrastructural changes that occurred
in rat lungs when the animals were exposed to
acute decompression in a hyperbaric chamber. The
appearances that they described are consistent with
the findings seen in stress failure.

The mechanism of stress failure has clear impli-
cations for therapy. The main objective should 
be to reduce the pulmonary artery pressure. The
pressure is high because of hypoxic pulmonary
vasoconstriction, and the best way to reduce it 
is by rapid descent to a lower altitude, which
reduces the alveolar PO2. In addition, oxygen
should be given if this is available. Calcium chan-
nel blockers such as nifedipine are also effective
because they reduce pulmonary artery pressure
(Oelz et al. 1989).

A recent case report by Grissom et al. (2000)
indicates that alveolar hemorrhage occurs early in
HAPE. They report a case of HAPE in a climber
who made a rapid ascent of Denali, Alaska and on
whom they carried out BAL. The fluid yielded an
abundance of hemosiderin-laden macrophages.
These have been reported at necropsy and indicate
bleeding into the alveoli. They appear from 48 h
after bleeding. Bronchoscopy was performed in this
case less than 48 h after symptoms started so the
timing of this result indicates bleeding occurred
well before the onset of symptoms. This finding is
consistent with capillary stress failure early in the
course of the condition due to high pulmonary
artery pressure.

20.6.6 Venular constriction

Since patients with HAPE have such a powerful
arteriolar constriction in response to hypoxia, per-
haps they have some degree of venular constriction
as well. There is some pathological evidence for
this from Wagenvoort and Wagenvoort (1976).
This would not give high wedge pressures because
when the catheter is wedged the blood in that seg-
ment runs off even through constricted venules
and the wedge pressure reflects only the large 
vein and left atrial pressures, not the pressure in
capillaries when the blood is flowing. To explain
the patchy nature of the condition one must fur-
ther postulate that the venular constriction is
uneven.

20.6.7 Arterial leakage

Severinghaus (1977), impressed with the extraor-
dinarily high pulmonary artery pressure in these
patients, suggested that perhaps the fluid leak was
upstream of the resistance vessels (i.e. in the arter-
ies). He pointed out that when there was generalized
arterial vasoconstriction, Laplace’s law would mean
reduction in diameter of small vessels but distension
of large vessels (even though their wall tension was
as great or greater). Radiography frequently shows
distended hilar vessels (Marticorena et al. 1964).
These larger vessels, not designed for such high
pressure, suffer minor ruptures or fenestrations,
which then leak high protein fluid and eventually
red blood cells. The leakage is into the perivascular
spaces which, when full, ‘back up’ to eventually
cause alveolar flooding. This sequence occurs wher-
ever the initial leak takes place since the perivascular
space is the low pressure region of the lung.

Some evidence for such a mechanism was pro-
vided by two studies in animals (Milledge et al. 1968,
Whayne and Severinghaus 1968) and in excised
dog lungs (Iliff 1971). This evidence was reviewed
by Severinghaus (1977) who quoted Hultgren’s
report on two horses which died suddenly after
running at altitude. Both were found to have a rup-
tured pulmonary artery. Both this and the preced-
ing hypothesis would account for exercise being a
risk factor since it increases both flow and pressure
in the pulmonary artery.

20.6.8 Multiple pulmonary emboli

Multiple scattered pulmonary emboli, even of inert
substances, such as glass beads, cause a rapid pro-
fuse pulmonary edema in animals (Saldeen 1976)
and this has been shown to be of the protein rich
increased permeability type (Ohkuda et al. 1978).
The finding in post-mortem studies of frequent
vascular thrombi and fibrin clots has led to the
microembolization hypothesis for HAPE on the
premise that there is a derangement of the clotting
system. The effect of hypoxia on coagulation has
been studied by a number of workers (section
18.5.4). It seems that most clotting factors are
unaffected by hypoxia; they are not disturbed in
AMS. Some evidence of in vivo fibrin formation
was found by Bärtsch et al. (1987) in patients with
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HAPE but this was considered to be an epiphe-
nomenon and not causative. If it does occur it will
cause further deterioration in the patient. It is pos-
sible that changes in the red blood cells with hypoxia
might alter their rheological properties and be a fac-
tor in AMS and HAPE. However, Reinhart et al.
(1991) found no difference between subjects with
and without AMS with respect to a number of rhe-
ological parameters. Platelets are clearly activated
at high altitude and show signs of clumping as 
the day progresses (Lehmann et al. 2006), but there
is no difference in the groups in terms of develop-
ing HAPE.

It has even been suggested that rapid ascent may
cause bubble formation by decompression and
thus air microembolization (Gray 1983). If this were
the case, HAPE should be much more common in
chamber studies than in the mountains, but this is
not so.

20.6.9 Hypoxia, vascular permeability
and inflammation

Hypoxia may increase vascular permeability, either
directly, or more likely, via the release of chemical
mediators. Against this suggestion is evidence that,
in dogs, hypoxia does not alter the threshold for
edema formation at a given microvascular pressure
(Homik et al. 1988). However, it may require some
other agent acting with hypoxia to produce the
effect, as suggested by the work of Larsen et al.
(1985). They showed in rabbits that neither hypoxia
alone nor activation of the complement system (by
infusion of cobra venom) alone caused pulmonary
edema, but the two insults together did. Such a
mechanism may well produce secondary intravas-
cular coagulation, which would result in further
pulmonary edema. On the other hand Duplain et al.
(1999b) found in a group of HAPE-susceptible
individuals, some of whom developed HAPE at
altitude, that there was no tendency for the exhaled
nitric oxide to increase with HAPE. Exhaled NO is a
marker for inflammation, so this is evidence against
inflammation being a factor in the genesis of
HAPE. In a well-designed study, after baseline stud-
ies at low altitude, Swenson and colleagues (2002)
took HAPE-susceptible subjects to 4559 m. At the
first sign of HAPE, subjects underwent bron-
choscopy and BAL. The fluid was high in protein,

but there were no markers of inflammation in the
BAL fluid of their HAPE subjects. This study com-
plemented the earlier field studies (Schoene et al.
1986, 1988). In those studies, the investigators could
not control the stage of the illness in which the
subjects were studied. These studies were the first
to use BAL which demonstrated high proteins and
inflammatory mediators in severe cases of HAPE.
Thus, the speculation that inflammation played a
role in the permeability leak was put to rest with
Swenson’s research which supports the mechanism
of the leak being primarily secondary to high 
pressures.

20.6.10 Hypoventilation

Grover (1980) has pointed out that hypoventila-
tion has two disadvantages for a subject in relation
to HAPE. It will mean that the subject is more
hypoxic at a given altitude than a subject with the
normal altitude hyperventilation and also has a
higher PCO2. The higher PCO2 means that there is
no peripheral vasoconstriction and reduction in
plasma volume on going to altitude; hence the
plasma osmotic pressure is not raised. The subject
is, therefore, more susceptible to pulmonary edema.
A number of studies have found subjects with a
history of HAPE to have low hypoxic ventilatory
responses (Hackett et al. 1988, Matsuzawa et al.
1989). This might lead to relative hypoventilation at
altitude, although Hackett et al. concluded that the
low HVR played a permissive rather than a causative
role in the pathogenesis of HAPE, allowing hypoxia
to cause depression of ventilation. They found oxy-
gen breathing increased ventilation in some of their
subjects at altitude.

20.6.11 Neurogenic pulmonary edema

In some cases of head injury, a form of acute pul-
monary edema is found which can be mimicked in
experimental animals by creating lesions in the
fourth ventricle. High levels of catecholamines are
found, and the edema can be prevented by pre-
treatment with α-adrenergic blocking drugs; there-
fore, it is assumed that the edema is caused by a
surge of sympathetic activity. During the first few
days at altitude there is increased sympathetic

Mechanisms of HAPE 297



activity and possibly a similar mechanism is at
work. The effectiveness of the alpha-blocker, phen-
tolamine, in HAPE (Hackett et al. 1992) suggests
that this may be the case, findings also supported
by the study of Duplain et al. (1999a).

20.6.12 Infection

Before 1960, many cases of HAPE were attributed
to pneumonia. While in some cases, infection plays
no part in HAPE, in others it may be a factor, espe-
cially in those where individuals who are not nor-
mally susceptible to AMS but develop a secondary
infection and succumb. Carpenter et al. (1998)
showed that rats given a mild respiratory infection
and allowed to recover had greater lung edema and
higher cell counts and protein concentration in BAL
fluid when exposed to 10% O2 a week later than

control rats. This gives support to the clinical
impression that a concomitant or even previous
respiratory infection is an important risk factor 
for HAPE.

20.6.13 Mechanisms: conclusions

It is now agreed that the genesis of HAPE is from
high pressures in the fragile pulmonary microvascu-
lature. The mechanism of abnormally powerful pul-
monary hypoxic vasoconstriction, which is uneven
and leads on to capillary stress failure, seems to have
the most evidence in its favor. Other inherent char-
acteristics, above and beyond the brisk hypoxic pul-
monary vasoconstriction, include slower alveolar
fluid clearance, and blunted hypoxic ventilatory
response, and others, all play additive roles in the
clinical spectrum of the disease.
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SUMMARY

Chronic mountain sickness (CMS) was first recog-
nized by Carlos Monge M. in Peru and is also known
as Monge’s disease. It is found in all populations
who remain at altitude for a number of years. The
incidence is increased with altitude and with age; it
is higher in males than females. In Tibet at least, it is
more common in immigrant Han Chinese than 
in native Tibetans. It is characterized by excessive
erythrocytosis with hematocrit values greater than
80%, hypoxemia and in some cases pulmonary
hypertension. The condition improves after descent
to low altitude.

In cases without overt lung disease various fac-
tors which cause relative hypoventilation, such as 
a reduced hypoxic ventilatory drive or disturbed
breathing patterns during sleep, may be involved in
the mechanism. Patients with underlying conditions
such as chronic obstructive lung disease (chronic
bronchitis, emphysema), kyphoscoliosis and other
lung diseases may also have excessive erythrocyto-
sis and in the past were sometimes diagnosed as
‘CMS (or Monge’s disease) with lung disease’ but
are now generally excluded from the diagnosis of
CMS (León-Velarde et al. 2005).

The symptoms that result from this excessive ery-
throcytosis are rather vague and include headache,

dizziness, physical and mental fatigue, anorexia and
breathlessness. There may be symptoms of burning
hands or feet. Signs are few and include cyanosis and
a florid complexion.

Prevention, apart from remaining at low alti-
tude, can only be directed at secondary risk factors
such as smoking and occupational dust air pollu-
tion. Relocation to low altitude cures the condition
but many patients are not able to take this option.
The removal of 1–3 units of blood is beneficial but
needs to be repeated as the hemoglobin concentra-
tion rises again. Respiratory stimulants have been
used with reported success, including, recently,
acetazolamide.

High altitude pulmonary hypertension (HAPH),
previously termed sub-acute mountain sickness or
high altitude heart disease, is a condition affecting
either infants born or brought up to altitude within
their first year, or adults resident or coming and
remaining at altitude for months or years. In Tibet,
the infants are usually the children of lowland Han
Chinese; the highland Tibetan infants are relatively
less susceptible. As the condition develops the infants
become breathless, irritable and edematous. The
pathology is of pulmonary hypertension and right
heart failure. In adults, it has been reported in Han
Chinese and, less often, in the Tibetan population, in
Kyrgyz highlanders and in Indian soldiers stationed



at about 6000 m for long periods. When symptoms
develop they are those of right heart failure with
signs of that condition. Descent results in reversal
of signs and symptoms. Short-term trials of drugs
such as nifedipine and sildenafil have shown them
to be effective in lowering pulmonary artery pres-
sure whilst remaining at altitude, but there have
been no long-term trials to observe the effects on
disease progression.

21.1 INTRODUCTION

There are two chronic conditions which affect peo-
ple resident at high altitudes for months or years or
infants born at altitude. There are numerous terms
used in the literature for these conditions. Two con-
sensus statements have been published on this topic
which include an attempt to rationalize these terms.
(León-Velarde 1998 and 2005) Table 21.1 sets out a
schema of terms and synonyms abstracted from the
latest statement (2005).

Following the consensus statement we shall use
the terms chronic mountain sickness (CMS), for
the condition of excessive erythrocytosis, and high
altitude pulmonary hypertension (HAPH), for the
condition where pulmonary hypertension predom-
inates. There is considerable overlap in the two con-
ditions. Most patients with CMS are also found to
have pulmonary hypertension and may go on to

develop right heart failure whilst some patients with
HAPH have a degree of excessive erythrocytosis.
However, in most patients one or other response to
chronic altitude hypoxia dominates so the consensus
group decided to keep the two diagnoses though
recognizing that some patients had both conditions.
The situation is, perhaps, analogous to that of HAPE
and HACE. It is interesting that excessive erythro-
cytosis (CMS) is the common pathology in the Andes
whilst HAPH is more common in the high altitude
areas of Asia.

Chronic mountain sickness (CMS) has been well
known for many years. The other condition, HAPH,
has only been recognized as a chronic condition in
adults in the Andes since 1971 (Penalosa and Sime)
and in China reported in the Chinese literature by
Chen et al. in 1982. A more acute condition was
reported by Anand in Indian soldiers stationed at
between 5800 m and 6700 m for several months
(mean 1.8 years). The condition was recognized
rather earlier in children born or brought up to alti-
tude at an early age (Khoury and Hawes 1963).

21.2 CHRONIC MOUNTAIN SICKNESS

21.2.1 Historical

In 1925 Carlos Monge M. reported a case of poly-
cythemia in a patient from Cerro de Pasco (4300 m)
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Table 21.1 Nomenclature for chronic high altitude diseases and previous terms or synonyms and essential features

Suggested name Synonyms Features

Chronic mountain sickness Monge’s disease Excessive erythrocytosis
HA excessive polycythemia Hypoxemia
Excessive erythrocytosis Pulmonary hypertension in some cases

Rt heart failure
HA pathologic erythrocytosis Headache, dizziness, fatigue

Recovery on descent to low altitude

High altitude pulmonary CMS of the vascular type Pulmonary hypertension
hypertension

High altitude heart disease Right ventricle hypertrophy
Hypoxic cor pulmonale Right heart failure
Infant sub-acute mountain sickness Moderate hypoxemia
Pediatric high altitude heart disease No excessive erythrocytosis
Adult sub-acute mountain sickness

Abstracted from the ISMM Consensus statement (León-Velarde et al. 2005).



in Peru to the Peruvian Academy of Medicine
(Monge 1925). In 1928 he reported a series of such
patients with red cell counts significantly higher
than normally found at altitude (Monge C. and
Whittembury 1976). (Note. Carlos Monge M. is the
father and Carlos Monge C. the son: the M and C
are the initial letters of the mothers’ names, as is
Spanish custom.) This condition has come to be
known also as Monge’s disease. The 1935 interna-
tional expedition, led by Bruce Dill, reported one
case of CMS in the English literature (Talbott and
Dill 1936). In 1942 Hurtado published detailed
observations of eight cases, outlining the symptom-
atology and hematological changes at altitude and
the effect of descent to sea level and return to alti-
tude (Hurtado 1942).

Outside South America, CMS was observed in
Leadville (3100 m), a mining town in Colorado,
USA, by Monge M. in the late 1940s (Winslow and
Monge 1987, p. 15) and from the 1960s the condi-
tion has been studied there by Weil and colleagues
(1971) from Denver (section 21.2.3). Reports of
CMS from the Himalayas indicate the condition to
be prevalent in immigrant Han Chinese in Lhasa
(3658 m) but less common in the indigenous
Tibetan population (Pei et al. 1989).

21.2.2 Clinical aspects of CMS

DEFINITION OF CHRONIC MOUNTAIN
SICKNESS

The latest consensus statement defines CMS as

A clinical syndrome that occurs in natives or
long-life residents above 2500 m. It is character-
ized by excessive erythrocytosis ([Hb] � 19 dL�1

for females and � 21 dL�1 for males), severe
hypoxemia and in some cases moderate or
severe pulmonary hypertension, which may
evolve into cor pulmonale, leading to conges-
tive heart failure. The clinical picture of CMS
gradually disappears after descending to low
altitude and reappears after returning to high
altitude. (León-Velarde et al. 2005)

The consensus statement also excludes from the def-
inition of CMS patients with any chronic pulmonary
disease or any other chronic condition which 

worsens the hypoxemia of altitude, though it does
allow a diagnosis of secondary CMS in such cases.

SYMPTOMS

Patients typically have rather vague neuropsycho-
logical complaints including headache, dizziness,
paresthesia, somnolence, fatigue, difficulty in con-
centration and loss of mental acuity. There may also
be irritability, depression and even hallucinations.
Dyspnea on exertion is not commonly complained
of, but poor exercise tolerance is common and
patients may gain weight. The characteristic feature
of the disease is that the symptoms disappear on
going down to sea level, only to reappear on return
to altitude.

A symptom more recently reported in CMS is that
of burning feet or hands. This was first described by
León-Velarde and Arregui in 1994 (quoted by
Thomas et al. 2000). In a study by Thomas et al.
(2000) this symptom was present in all 10 unselected
CMS patients but also four out of five control sub-
jects, resident at the same altitude, and free of CMS.
They complained of intermittent burning usually
confined to the feet. The symptoms subsided in
patients who went down to low altitudes and reap-
peared on return to high altitude.

SIGNS

Although normal people are mildly cyanotic at an
altitude of 4000 m, patients with CMS stand out
since, with a high hemoglobin concentration and
lower oxygen saturation, they have a far higher con-
centration of reduced hemoglobin. In Andean
Indians, the population with the greatest number of
patients, the signs may be florid:

The combination of virtually black lips and
wine red mucosal surfaces against the olive
green pigmentation of the Indian skin gives
the patient with Monge’s disease a striking
appearance. (Heath and Williams 1995, p. 193)

The conjunctivae are congested and the fingers
may be clubbed. In Caucasians and at lower alti-
tudes such as Leadville (3100 m), the appearances
are rather less striking, resembling patients with
polycythemia secondary to hypoxic lung disease at
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sea level. Some patients show very little in the way
of signs.

INVESTIGATIONS

The red cell count, hemoglobin concentration and
packed cell volume are raised; values as high as
28.0 g dL�1 hemoglobin and a hematocrits of over
80% have been recorded (Hurtado 1942). Like sec-
ondary polycythemia at sea level and unlike poly-
cythemia rubra vera there is no increase in white
cell numbers. Blood gases, compared with healthy
controls at the same altitude, show a higher Pa,CO2

and lower Pa,O2 and oxygen saturation (Peñaloza
and Sime 1971, Kryger et al. 1978a). The lower
Pa,O2 is partly due to hypoventilation as shown by
the increased Pa,CO2 and partly (in many cases) by
an increased alveolar–arterial oxygen pressure,
((A–a)O2 gradient).

Manier et al. (1988) found a mean of 10.5 mmHg
in CMS patients at La Paz (3600 m) compared with
the normal (A–a)O2 of 2.9 mmHg at this altitude.
Using the multiple inert gas technique, they attrib-
uted most of this to increased blood flow to poorly
ventilated areas of lung rather than to true shunting.
Tewari et al. (1991) found a reduced diffusing capac-
ity (DLCO) in lowland soldiers with excessive poly-
cythemia on return to low altitude. The DLCO
improved with time at low altitude and return to a
normal hematocrit. The DLCO was lower in smokers
than nonsmokers though both were well below pre-
dicted values. In some cases of CMS standard pul-
monary function tests show abnormalities indicating
obstructive and/or restrictive defects, suggesting that
patients have coexisting chronic lung disease.

Thomas et al. (2000) investigated the pathology
underlying the burning feet and hands symptom by
taking peripheral nerve biopsies (sural nerve) in 10
CMS patients who all had this symptom. They
found a neuropathy consisting of a thinning of the
basal laminal layer of endoneural micro-vessels.
This is the opposite of that seen in diabetic neuropa-
thy but has been reported in severe chronic hypoxia
due to COPD (Malik et al. 1990).

HEMODYNAMICS AND PATHOLOGY

The very high hematocrit increases the viscosity of
the blood. The systemic blood pressure may be mod-
erately elevated and the pulmonary artery pressure is

significantly higher than that of healthy high altitude
residents. Peñaloza et al. (1971) found a mean pul-
monary artery pressure of 64/33 mmHg in 10 cases of
CMS compared with 34/23 mmHg in controls.
Cardiac output was not significantly different, so that
calculated resistance was just over twice that of con-
trols. As well as the effect of increased viscosity there
would also be pulmonary vasoconstriction due to
hypoxia. In present terminology we would say
patients who have high pulmonary artery pressure
have both CMS and HAPH.

As might be expected these hemodynamic
changes lead to increased right ventricular hyper-
trophy and associated electrocardiogram (ECG)
changes. Halperin et al. (1998) found that 90% of
cases of CMS had ECG evidence of right ventricular
hypertrophy. There is also thickening of the pul-
monary arteries to a greater degree than in normal
residents at high altitude (Arias-Stella et al. 1973).

PREVENTION

Descent to low altitude without return is a sure pre-
ventative but not an option for many altitude resi-
dents whose livelihood depends upon their work 
at altitude. Attention to any secondary risk factors
such as smoking is obvious. Since many patients are
miners, efforts can also be made to avoid occupa-
tional health risks such as dust and air pollution, but
these are frequently difficult to eliminate. In this
respect pollution of drinking water by cobalt may be
important in some cases (see section in 22.2.5).

TREATMENT

As already mentioned, symptoms and signs classi-
cally clear up on going down to sea level. However,
many patients want to remain at altitude for family
or economic reasons. In these cases, venesection is
beneficial. Venesection not only lowers the raised
hematocrit but also improves many of the neu-
ropsychological symptoms. It also improves pul-
monary gas exchange (Cruz et al. 1979) and exercise
performance in some subjects (Winslow and Monge
1987, p. 212). In Leadville, Colorado, with about 60
patients being regularly bled for therapeutic pur-
poses, the blood bank has no need of any other
donors (Kryger et al. 1978a)!

An alternative to venesection for residents at
high altitude is the long-term use of respiratory
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stimulants. Kryger et al. (1978b) have reported 
success with medroxyprogesterone acetate. They
showed a fall in hemoglobin concentration after 10
weeks’ treatment in 17 patients. The drug stimulated
ventilation and PO2 and reduced PCO2 by a modest
amount. Although the changes in blood gases were
small, they suggest that the main benefit may have
been in oxygenation at night since hypoxemia may be
much greater then. The only side effect reported was
of loss of libido in four patients. In all but one, this
could be overcome by lowering the dose to a level that
still kept the hemoglobin concentration down. In one
patient the dose had to be reduced to a point which
did not hold down the hemoglobin concentration.

In previous editions we reported that there had
been no trials of acetazolamide in CMS. There has
now been a double-blind controlled trial of acetazol-
amide in CMS (Richalet et al. 2005b). Three groups
of patients (n � 10 in each group) were treated with
either acetazolamide 250 or 500 mg daily or placebo
for 3 weeks. There was significant decrease in haema-
tocrit, serum erythropoietin, and soluble transferrin
and an increase in nocturnal Sa,O2 of 5%. The results
for the 250 mg group were as good as for the 500 mg.
This simple low cost therapy would seem to offer
benefit to the large number of patients with this 
condition.

21.2.3 Epidemiology of CMS

ANDES

CMS is found most commonly in the Andes,
where it was first described mainly affecting the
local Amerindians, especially the Quechuan popu-
lation living on the altiplano at altitudes about
3300–4500 m. Men are affected far more commonly
than women. The average age is 40 years with a
range from 22 to 51 years in one reported series
(Peñaloza et al. 1971). Occasional cases are seen in
expatriate mining company staff. It used to be
thought that CMS was virtually confined to the
Andes but this is not the case, as is discussed below.

HIMALAYAS AND TIBET

Until recently there have been few reported cases of
CMS in the Himalayas. Winslow noted one Sherpa
on the American Medical Research Expedition to

Everest to have a hematocrit of 72% (Winslow and
Monge 1987, p. 17). Pei et al. (1989) describe their
experience of CMS in Lhasa (3658 m). The condition
is not uncommon among male cigarette-smoking
Han Chinese. These subjects had immigrated some
years before becoming polycythemic and then dis-
played the usual signs and symptoms of CMS. In a
12-month period there were 24 patients admitted 
to their hospital with CMS. All were male, 23 were
Han and only one Tibetan. Six were nonsmokers,
the rest, including the one Tibetan, were smokers.
The mean duration of altitude exposure in the low-
landers was 26 years (range, 9–43 years). However,
though the incidence in Tibetans may be less than in
Han immigrants, CMS is now being reported in this
population. Wu et al. (1992) reported a series of
26 cases in native-born Tibetans living at between
3680 m and 4179 m with typical symptoms of CMS
and hemoglobin concentration of 22.2 g dL�1 mean
compared with 16.6 g dL�1 in healthy controls at the
same altitude.

In Himalayan residents, hemoglobin concentra-
tion tends to be lower than the values from the
Peruvian Andes, although much of this difference
disappears if results from mining towns are excluded
(Frisancho 1988). It is speculated that this may be
because the geography allows residents to move to
lower altitudes more easily than from the altiplano of
the Andes, and the way of life of the Sherpas, with
seasonal migration, contributes to this movement in
altitude. Like the inhabitants of the Andes, Tibetans
live on a high altitude plain and cannot easily move
up and down.

Although more evidence is needed it would seem
that people of Tibetan stock are less at risk of CMS
than Andean highlanders, and certainly than low-
land Han subjects long resident at altitude. This may
be due to genuine genetic adaptation to altitude
over very many generations.

A review comparing incidence of CMS in the
Andes with that in Tibet seems to bear out this ear-
lier speculation (Moore et al. 1998b). This review
also presents more evidence on incidence at various
altitudes, men versus women, and Tibetan versus
Han Chinese.

NORTH AMERICA

The condition is well recognized in Leadville,
Colorado (3100 m). Kryger et al. (1978a) described
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20 cases, all male, and mentioned that, of about 60
cases known to physicians there, only two were
female. One case of apparently classical CMS in a
67-year-old woman has been reported from as low
as 2000 m in California (Gronbeck 1984).

21.2.4 Scoring of chronic mountain
sickness

A symptom/sign scoring system for CMS was pro-
posed at the 6th World Congress of Mountain
Medicine in Qinghai in August 2004 and included in
the consensus statement (León-Velarde et al. 2005).
The purpose was to provide a means of comparing
cases from one study to another. Symptoms/signs are
scored as 0 to 3 indicating: 0, no symptom; 1, mild; 2
moderate; and 3 severe symptom/sign. The list of
symptoms/signs are as follows: breathlessness/palpi-
tations, sleep disturbance, cyanosis, dilatation of
veins, paresthesia, headache, tinnitus. Hemoglobin
level: males �18 but �21 dL�1 � 0; 21 dL�1 � 3;
females �16 but �19 dL�1 � 0, 19 dL�1 � 3.

21.2.5 Mechanisms of CMS

CMS WITH NORMAL LUNGS

Patients with CMS have lower Pa,O2 and Sa,O2 and
higher Pa,CO2 values than healthy subjects at the same
altitude. The greater hypoxemia results in higher
erthropoietin levels and thus greater erthrocytosis. So
what is the cause of this more severe hypoxia? The
raised Pa,CO2 points to a degree of hypoventilation
but there may also be some gas transfer defect as well.
As mentioned above, a widened P(A–a)O2 gradient
has been shown in CMS patients (Manier et al.
1988).

Severinghaus et al. (1966a) found that CMS
patients have an extremely blunted HVR compared
with healthy resident controls of the same age.
Maybe people at the low end of the spectrum for
HVR in the population are destined to get CMS if
they remain for years at altitude. The HVR decreases
with age (Kronenberg and Drage 1973) and with
duration of stay at altitude (Wiel et al. 1971); perhaps
patients with CMS are those in whom the process is
faster than average (Fig. 21.1).

Kryger et al. (1978a), however, found no differ-
ence in HVR between patients and age-matched

controls in Leadville, Colorado. They did find that
their patients had a greater dead-space/tidal volume
ratio and that their ventilation increased on breath-
ing 100% oxygen; they therefore appeared to have
hypoxic ventilatory depression. They concluded that
blunted chemical drive to breathing is not the cause
of CMS.

SLEEP

During sleep, even in normal subjects, the ventila-
tion is depressed. If there are frequent periods of
apnea, either central or obstructive, Sa,O2 will be
further reduced and could contribute to the etiol-
ogy. A study by Sun et al. (1996) found that CMS
patients had more disordered breathing and lower
mean Sa,O2 values when asleep than a group free of
CMS. In periods of disordered breathing non CMS
controls increased their cerebral blood flow whereas
the CMS group did not. Therefore the latter had a
reduction in their calculated brain oxygen delivery.
Recently Spicuzza et al. (2004) in a study of CMS

304 Chronic mountain sickness and pulmonary hypertension

Lung disease

Altitude hypoxia

? Sleep apnea

Age

Low HVR

Hypoventilation

Reduced
lung function

Cerebral
hypoxia

Symptoms
of CMS

Erythropoietin ↑

PCV ↑

Blood viscosity ↑

CBF ↓

↓Sa O2

↓Pa O2

Figure 21.1 Possible mechanisms in the development
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patients and controls at 4300 m confirmed the greater
hypoxemia in CMS patients when awake and showed
that they were also more hypoxic when asleep. In par-
ticular the total time spent with Sa,O2 � 80% was sig-
nificantly greater in the CMS patients. This level of
desaturation would be expected to trigger a greater
erythropoietin release. Reeves and Weil (2001) in
their review of over 900 patients with CMS studied
over the years emphasize the profound hypoxia in
these patients, when asleep.

GENDER

Women (at least before the menopause) seem to be
protected from CMS as from the hypoventilation
syndrome (the Pickwickian syndrome) at sea level,
possibly by the stimulating effect of progesterone
on ventilation. León-Velarde et al. (1997) compared
pre-menopausal and postmenopausal women at
Cerro de Pasco (4300 m) in Peru and found signifi-
cantly higher hematocrit and lower Sa,O2, and peak
expiratory flows in the postmenopausal group, sup-
porting the protective role of female sex hormones.

AGE

Age has effects on lung function as well as its effect
on HVR. The Pa,O2 declines with age and, although
this has little effect on oxygen saturation at sea level,
it has much more effect at altitude because subjects
are already on the steep part of the oxygen dissocia-
tion curve. A study by León-Velarde et al. (1993) at
4300 m in Peru found an increasing incidence of
CMS with age. Taking a hemoglobin concentration
of above 21.3 g dL�1 as ‘excessive erythrocytosis’, the
incidence at 20–29 years was 6.8% which increased
to 33.7% at age 60–69 years. This study also found a
decreasing vital capacity with age at altitude, in both
those with and without CMS, but the reduction was
significantly more marked in the CMS group. Sea
level subjects showed no reduction in vital capacity
between 20–29 years and 60–69 years.

COBALT

Cobalt is a known stimulant of erythropoiesis. In a
review of their experience over many years, Reeves
and Weil (2001) collected details of more than 
750 men and 200 women with CMS. They noted that
one of the contributing factors to the variation in the

erythropoietic response to altitude was ingested tox-
ins and minerals such as cobalt. Jefferson et al.
(2002) in a study from Cerro de Pasco (4300 m)
found that 11 of their 21 subjects with CMS had
detectable cobalt levels in their serum compared
with none in their controls. However, Bernardi et al.
(2003) in their study also in Cerro do Pasco found
normal cobalt levels in CMS patients. Cerro de Pasco
is a mining town and cobalt is one of the many min-
erals in the rocks. It was not found in samples of
drinking water tested by Jefferson et al. but perhaps
leaches in at times. It may, therefore, act as a risk fac-
tor in some cases of CMS in some localities.

CEREBRAL BLOOD FLOW IN CMS

Polycythemia (rubra vera) results in reduced cere-
bral blood flow (CBF) (Thomas et al. 1977) due to
increased viscosity. However, the few studies of CBF,
(measuring blood velocity by Doppler ultrasound)
in CMS have either shown no significant differences
between subjects with and without CMS when
awake breathing air (Sun S et al. 1996), or the
expected reduced flow in CMS patients compared
with controls (Claydon et al. 2005).

GENETICS AND CMS

There seems to be a difference in response to long-
term, chronic hypoxia in different populations and
only a proportion of any population is susceptible to
CMS. These considerations lead to the question of
whether there is a genetic component to susceptibil-
ity. Mejia et al. (2005) in a case–control study looked
at a variety of candidate genes including: erythropoi-
etin, erythropoietin-receptor, HIF-1α (von Hippel-
Lindau and others). They found no association
between the polymorphisms linked to the candidate
genes and severe polycythemia.

EXCESSIVE ERYTHROCYTOSIS WITH LUNG
DISEASE

In cases of excessive erythrocytosis with definite
lung disease, it is easy to understand that the com-
bination of altitude with fairly mild lung disease
precipitates polycythemia and cor pulmonale (Fig.
21.1). Removal of altitude hypoxia by descent to
sea level is sufficient to reverse the process. At alti-
tude, these patients are more hypoxic than normal
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people because of their lung disease, hence their
stimulus to erythrocytosis via erythropoietin secre-
tion is greater and they become abnormally poly-
cythemic. The importance of lower respiratory tract
disease is emphasized in a study by León-Velarde 
et al. (1994) which shows that subjects with chronic
lower respiratory disease had higher hemoglobin
concentration, lower Sa,O2 and higher CMS symp-
tom scores than healthy controls or subjects with
chronic upper respiratory disease.

SUMMARY

Figure 21.1 shows the interaction of factors involved
in CMS. Altitude hypoxia and hypoventilation will
result in a low Pa,O2. This hypoventilatory response
may be due to a low HVR, to hypoxic depression of
ventilation or some unknown cause. If lung func-
tion is also reduced by lung or chest wall disease, this
will reduce Pa,O2 still further. Aging results in both
reduced lung function and reduced HVR, especially
in a life spent at high altitude, thus further lowering
the Pa,O2. The low Pa,O2 results in a low Sa,O2. It also
stimulates secretion of erythropoietin and hence an
increase in hematocrit. However, it should be noted
that a study of erythropoietin levels in subjects at
Cerro de Pasco (4300 m), although showing the
expected higher mean values at altitude than at sea
level, did not demonstrate any difference between
subjects with and without CMS (León-Velarde et al.
1991). The rise in hematocrit causes a rise in blood
viscosity and probably, a fall in cerebral blood flow,
which, with a low Sa,O2, results in chronic severe
cerebral hypoxia and symptoms of CMS.

21.3 HIGH ALTITUDE PULMONARY
HYPERTENSION

21.3.1 Introduction and history

It has been known for 60 years that hypoxia results in
pulmonary hypertension. This was first demon-
strated by von Euler and Liljestrand (1946) in cats
and shortly afterwards by Motley et al. (1947) in
man. This hypoxic pressor response is important in
the fetus since blood must be diverted away from the
nonfunctioning lung through the ductus arteriosis
to the rest of the body. Its effect in life after birth may
be to improve ventilation/perfusion ratios in the

lung when parts of the lung are unventilated, for
instance by bronchiolar occlusion in asthma or lobar
consolidation in pneumonia. In these situations, the
areas underventilated become hypoxic and it is
clearly beneficial for vasoconstriction in these areas
to reduce the blood flow and divert it to other, venti-
lated parts of the lung. But at altitude, with global
hypoxia there is vasoconstriction throughout the
lung and the pulmonary artery pressure rises with
no benefit to gas transfer apart from possibly some
slight improvement in the upright lung due to rather
more even perfusion. It is of note that animals
adapted to high altitude, such as the yak (Harris
1986) or pika (Ge, L.R. et al. 1998) do not have this
pressor response and Tibetans have a greatly dimin-
ished response (Groves et al. 1993.)

As early as 1956 Rotta et al. found pulmonary
hypertension in acclimatized lowlanders and resi-
dents at altitude. In 1962 Penaloza et al. and Arias-
Stella et al. presented their data on pulmonary
hypertension and pulmonary artery pathology
respectively showing hypertension and musculariza-
tion of the pulmonary arterioles in healthy people
resident at altitude in the Andes. This remodeling
results in sustained hypertension even when hypoxia
is relieved by oxygen breathing (see section 7.5.1) or
descent to low altitude, although after some months
or years at low altitude hypertension does remit.

Patients with CMS often also had pulmonary
hypertension (section 21.2.2) and sometimes devel-
oped right heart failure, but the severe erythrocyto-
sis had been described earlier and, since blood
counts were so much easier to carry out than cardiac
catheterization, the hypertension tended to be dis-
missed and attributed mainly to the increased vis-
cosity due to high hematocrit rather than to hypoxic
vasoconstriction followed by remodeling. This early
work in Peru has been thoughtfully reviewed by
Reeves and Grover (2005).

In 1988 Sui et al. published their experience with
infants born at low altitude and taken to high alti-
tude in Tibet. They called the condition sub-acute
infantile mountain sickness. Shortly afterwards
Anand et al. (1990) reported a similar condition in
adults, soldiers stationed for some months or more
at extreme altitude and called it adult sub-acute
mountain sickness. Both conditions were essentially
right heart failure due to chronic pulmonary hyper-
tension and would be called HAPH in the nomen-
clature suggested by the consensus statement 
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(Table 21.1). Since then there have been numerous
reports of this condition from high altitude regions
of Asia (Ge and Helun 2001, Aldeshev et al. 2002,
Wu 2005).

21.3.2 High altitude pulmonary
hypertension in infants

The Spaniards who first colonized the Andes became
well aware that their infants did not thrive if born at
high altitude. They made it their practice to arrange
delivery at low altitude and not to bring their babies
to high altitude before 1 year of age.

The lowland Han Chinese colonists of Tibet face
the same environmental problem. Wu and Liu
(1995) described a Chinese infant of 11 months
born in Lhasa (3658 m) who presented with dys-
pnea, cyanosis and congestive heart failure. At post-
mortem, marked right ventricular hypertrophy and
muscular thickening of the peripheral pulmonary
artery tree were found. There was no other pathol-
ogy such as congenital heart disease and the authors
called the condition high altitude heart disease. Sui 
et al. (1988) had reported the postmortem findings
on 15 infants who died in Lhasa of a syndrome they
called infantile sub-acute mountain sickness. The
presenting symptoms were commonly dyspnea and
cough, with often sleeplessness, irritability and signs
of cyanosis, edema of the face, oliguria, tachycardia,
liver enlargement, rales in the lungs and fever. The
majority of infants had been born at low altitude but
two were born at high altitude, one of Han and one
of Tibetan parents. The condition was usually fatal
in a matter of weeks or months. The post-mortem
findings were of extreme medial hypertrophy of
muscular pulmonary arteries and muscularization
of pulmonary arterioles. There was massive hyper-
trophy and dilatation of the right ventricle and of
the pulmonary trunk.

21.3.3 High altitude pulmonary
hypertension in adults

Anand et al. (1990) described a condition in 21 sol-
diers who, after a full acclimatization period, had
been posted to between 5800 m and 6700 m for sev-
eral months (mean, 1.8 years). They called the 

condition adult sub-acute mountain sickness. The
patients presented with dyspnea, cough and effort
angina. The signs were of dependent edema. They
were treated at high altitude with diuretics with
improvement. When they were evacuated to low alti-
tude by aircraft they were found to have cardiomegaly
with right ventricular enlargement and, in most
cases, pericardial effusion. The pulmonary artery
pressure was elevated (26 mmHg) and rose signifi-
cantly on mild exercise to 40 mmHg. Recovery was
rapid after descent from high altitude. Investigations
showed a generalized increase in the volume of the
fluid compartments of the body and total body
sodium, even in subjects without overt disease at
these altitudes for this length of time (Anand et al.
1993). The increase in central blood volume is the
probable cause of the decrease in forced vital capac-
ity, and the radiographically engorged pulmonary
vessels found in the subjects of Operation Everest II
(Welsh et al. 1993). A similar condition was described
by Wu (2005) in his review of CMS on the Qinghai–
Tibetan plateau. It would seem that this HAPH with
right heart failure is the human form of a similar con-
dition affecting cattle taken to high altitude, and
known as brisket disease (Hecht et al. 1959). The
brisket is the loose skin area of the cow’s neck, which
is dependent and becomes swollen with edema fluid
in this condition.

Pei et al. (1989) reviewed their experience of
CMS in Lhasa based on 17 cases. Sixteen were Han
Chinese men whilst the 17th was a Tibetan woman.
The men had all moved from lowland China to
Tibet to an altitude of 3600 an average of 15 years
before admission to hospital. Their symptoms and
signs were cough, dyspnea, dependent edema, liver
enlargement and raised jugular venous pressure.
The mean hematocrit was 70% and in the five
patients who were catheterized the pulmonary
artery pressure was 57/28 mean. Reviewing the nat-
ural history of the disease, they suggested that the
earlier stage of the disease was dominated by poly-
cythemia while cardiopulmonary involvement
increases with the duration of the disease.

CLINICAL FEATURES

Mild or moderate pulmonary hypertension does
not give rise to symptoms. There may be signs, an
accentuated second heart sound and ECG and
echo-cardiographic evidence of hypertension but
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symptoms only develop when the right heart
begins to fail. The symptoms are of headache, dys-
pnea, cough, irritability, sleeplessness and some-
times angina on exertion. Clinical signs include
cyanosis, tachycardia, tachypnoea, edema of face,
liver enlargement and crackles in the chest (Ge and
Helun 2001). On going down to low altitude all
these symptoms and signs typically disappear in a
few days or weeks although occasionally the hyper-
tension may be detectable for a year or more.

EPIDEMIOLOGY AND PREVALENCE

Some populations are more susceptible than others.
In Qinghai and Tibet the Han Chinese immigrants
are more susceptible than Tibetans (by a factor 
of 3–4). Children are more susceptible than adults
(by a factor of about 3). These data are shown in
Table 21.2.

Men are more susceptible than women. Aldeshev
and colleagues have reported on their studies of
HAPH in the high altitude population in Kyrgyzstan
(Aldeshev et al. 2002). A health survey, including
ECG, was carried out in three villages between 2800
and 3100 m. ECG recordings on 741 subjects (347
males, 394 females) were analyzed. Fourteen percent
had one or more criteria for cor pulmonale, 23% of
males and only 6% of females, a highly significant
difference.

NATURAL HISTORY OF HAPH

Aldeshev et al. (2002) carried out right heart
catheterization in Bishkek (760 m) on a group of
136 male highlanders resident between 2800 and
3600 . Three groups were identified: (1) a group

with normal pulmonary artery pressures, (2) those
with normal pressures but who had a greater than
two-fold increase in pressure on breathing a hypoxic
gas mixture, and (3) a group with frank pulmonary
hypertension. The percentages for these groups
were: 59, 21 and 20%. They were able to follow up
25 subjects 10 years later. Of the normotensive
group, there was no increase in pressure. All 10 of the
subjects followed up in the hyper-responsiveness
group showed increase in pressures as did the seven
subjects followed up in the hypertension group.

GENETIC CONTRIBUTION TO HAPH

It has been well established that brisket disease in
cattle affects only certain breeds and that the pul-
monary hypertensive trait in susceptible breeds is
genetically determined (Cruz et al. 1980). HAPH is
the human equivalent of this condition. Fagan and
Weil (2001) have reviewed the evidence of the
genetic contribution to the control of pulmonary
artery pressure at altitude. They conclude that the
differences among diverse altitude populations
(such as indicated above) suggest an evolutionary,
genetic influence on the response of the pulmonary
circulation to the hypoxia of altitude. Tucker and
Rhodes (2001) reviewed the role of pulmonary vas-
cular smooth muscle in the development of HAPH
in various animals and humans. There was good 
evidence for the hypothesis that the amount of
smooth muscle predicted the degree of response.
Cattle and pigs are high responders and have thick
muscle layers; sheep, dogs and a variety of animals
native to high altitude are low responders and have
thin muscle walls to their pulmonary arteries.
Humans, rats and mice are intermediate. That these
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Table 21.2 Prevalence (percentage of population) of high altitude heart
disease (HAPH) at various altitudes of residence in Han and Tibetan
children and adults

Altitude (m) Han Tibetan

Children Adults Children Adults

�3000 0.47 0.07 0.2 0
3000–4000 1.47 0.71 0.37 0.24
4000–5000 3.64 1.72 1.04 0.46

Children are more susceptible than adults and Han Chinese than Tibetans. The
prevalence increases with altitude. Data of Wu and Ge quoted in Ge and Helun 2001.



differences are genetically determined is supported
by studies in cross breeds between yak and cattle
(Anand et al. (1986).

Aldeshev et al. (2002) reported their results of
ACE genotyping in 78 male highlanders who had
undergone cardiac catheterization. There was a
three-fold higher frequency of the I/I allele in high-
landers with HAPH, compared with normal high-
landers and the mean pulmonary artery pressure
was significantly higher in subjects with I/I than
with I/D or D/D. A comparison of the frequency of
these alleles between lowlanders resident in Bishkek
and high altitude residents showed a significantly
lower frequency of I/I and higher D/D in the high-
landers, suggesting possibly evolutionary selection
of D/D alleles in the high altitude population.

TREATMENT OF HAPH

The whole process of pulmonary arterial vasocon-
striction and remodeling is reversed by descent 
to low altitude and the relief of hypoxia. However,
the option of emigration from their high altitude

homes and relocating to low altitude is not open to
many patients with HAPH. For these patients the
possibility of drug treatment may be considered.
However, such trials as have been reported are all
short-term, so we do not know the long-term result
of drug treatment on disease progression.

Antezana et al. (1998) showed that nifedipine
reduced the pulmonary artery pressure (Ppa) in
patients with AHPH by 20% in two-thirds of
patients. The effect was greatest in those with the
highest pressures and was not correlated with [Hb].
The phosphodiesterase inhibitor, sildenafil, has been
shown to be effective in lowering Ppa (and improv-
ing gas exchange) in healthy subjects taken to alti-
tude for 6 days (Richalet et al. 2005a). Aldashev et al.
(2005) studied 22 patients with HAPH in a con-
trolled trial of two doses of sildenafil (25 mg and
100 mg, every 8 h) or placebo, for 3 months. The two
doses were equally effective in lowering Ppa and in
increasing the length of the 6 min walking test.
Sildenafil was said to be well tolerated. There do not
seem to have been any trials of acetazolamide in
HAPH.
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SUMMARY

A cluster of neurovascular signs and symptoms has
been reported in mountaineers for many years. These
vary from transient ischemic attacks (TIAs), often
with symptoms of dysphasia or transient visual dis-
turbance or even blindness, to longer lasting strokes
with hemiplegia, etc. The problems usually occur
after some time at altitude and so are not considered
part of acute mountain sickness (AMS). The condi-
tion usually resolves rapidly and recurrence is
unusual. However, few patients expose themselves to
altitude risk again. Also reviewed in this chapter is the
effect of altitude on factors involved in clotting,
which in general seem little disturbed at altitude. Risk
factors for thrombosis and mechanisms are dis-
cussed.

Eye problems at altitude include retinal hemor-
rhage, transient visual disturbance or blindness,
which may be neurovascular or migrainous in origin,

and problems following corneal surgery. Retinal
hemorrhages are quite common at altitude but are
normally a symptomless, benign condition diag-
nosed only if the retina is inspected. Small hemor-
rhages are seen which clear in a few days. The
incidence is variable, often being over 50% when
looked for. It is usually seen early in altitude exposure.
Only in rare cases, when the hemorrhage affects the
macula, is vision disturbed. Problems after corneal
surgery are confined to patients who have had radial
keratotomy for myopia. In these patients the hypoxia
of altitude results in a change in the refractive prop-
erties of the operated eye, making for long-sighted-
ness. At extreme altitude this can render the patient
almost blind. The problem resolves after descent.

Altitude cough, though known for many years,
has only recently been scientifically investigated. It
afflicts most climbers who remain at altitude for
more than a few days and in severe cases can cause
sleep disturbance, fatigue and even fracture of ribs.



Although hyperventilation of the cold dry air at alti-
tude may be a factor, it seems that hypoxia itself is
important. The cough threshold for citric acid is
lowered by stay at altitude and this can be prevented
by therapy with anti-asthma inhalers. Altitude also
affects mucociliary function in the nose and this can
be prevented by regular moistening of the nasal
mucosa with saline.

General anesthesia at altitude is dangerous
because of the respiratory depressant effects of anes-
thetics. They abolish the hypoxic ventilatory
response (HVR) so that ventilation is reduced and
with the low inspired PO2 the risk of severe hypoxia is
considerable. This risk of hypoxia extends into the
post-operative period because even small concentra-
tions of anesthetic gases depress the HVR. It is there-
fore advised that general anesthetic be avoided at
altitude. Either local anesthetic should be used or the
patient brought down to low altitude. If general anes-
thetic must be given at altitude, ketamine is probably

the agent of choice; oxygen should be added at high
concentrations.

22.1 NEUROVASCULAR DISORDERS

22.1.1 Historical background

Increasingly, cases with neurological signs, some
transient and others permanent, are being reported
from expeditions at altitude in both lowlanders and
highlanders. These are not associated with AMS, or
high altitude cerebral or pulmonary edema (HACE,
HAPE). It is likely that some have a vascular origin,
such as spasm, thrombosis, embolus or hemorrhage.
Others may be focal neurological disorders or are of
unknown etiology.

Sporadic cases of vascular disorders have been
described in the mountain and geographical litera-
ture over the last century (Table 22.1).
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Table 22.1 Cerebrovascular accidents at altitude*

Date Altitude (m) Time at altitude Signs Outcome Source

1895 4300 ? Right hemiparesis Recovered Roborovsky (1896)
1924 6000 ? Hemiparesis Died Norton (1925)
1938 6400 ? Right hemiparesis Recovered Tilman (1948)
1943 6400 6 weeks Dysphasia Recovered Shipton (1943)
1954 6000� ? Hemiparesis Died Evans (1956)
1961 6400 7–8 weeks Right hemiparesis Recovered Ward (1968)
1978 6400 ? Hemiparesis ? Messner (1979, p. 137)
1982 8200 7 weeks Left hemiparesis Recovered Clarke (1983)
1983 6100 ? Semi-conscious Recovered Asaji et al. (1984)
1986 4900 Several days Headache, visual 

disturbance
Numb right hand, Recovered Jenzer and Bärtsch (1993)
?migraine

1990 4800 9 days Right hemiparesis Recovered Sharma et al. (1990)
1990 5300 Several days Headache, weak right Recovered Jenzer and Bärtsch (1993)

hand and right leg, 
?migraine

1994 3867 4 days Right lat. rectus palsy Recovered Murdoch (1994)
1994 4242 12 days Right lat. rectus palsy Recovered Murdoch (1994)
1995 3660 100 mile race Diplopia Recovered Murdoch (1994)
1997 7600 Several days Right hemiparesis, Recovered Basnyat (1997)

CT scan edema, left 
parietal lobe

* All subjects were male adults. The two patients who died were Sherpas; the remainder were climbers from low altitude.



In 1895, while exploring the Amne Machin range
in eastern Tibet, Roborovsky, a Russian traveler, suf-
fered a ‘stroke’ in crossing the Mangur Pass (4270 m).
He described

a stroke of paralysis which attacked the right
part of my body from head to the toes of my
right foot; my tongue hardly obeyed my will.
I lay in a disgusting and unbearable state for
eight days.

Over the next few weeks he gradually recovered and
continued his journey (Roborovsky 1896).

Cases of hemiplegia also occurred on Everest
expeditions in 1924 and 1936. One, a Gurkha sol-
dier, died, and the other, a Sherpa porter, recovered
(Norton 1925, p. 68, Tilman 1948). Evans (1956,
p. 169) on Kangchenjunga recorded a further fatal
case of hemiplegia in a Sherpa. Each of these three
cases was in a fit young man who had spent a con-
siderable period above 6000 m.

In 1954, a young American mountaineer, storm-
bound in a tent at 7465 m on K2, developed throm-
bophlebitis in the calf and, after a further 2 days,
had a hemoptysis. A provisional diagnosis of pul-
monary embolus was made and he was evacuated;
however, during the descent he was swept away in
an avalanche (Houston and Bates 1979).

Shipton (1943), after climbing to 8865 m on
Everest, described an episode of transient aphasia
with severe headache. This was possibly due to a
migraine attack. Apart from severe headache he
had no other symptoms and was fully recovered by
the next morning.

22.1.2 Varieties of neurovascular
disorders

Basnyat et al. (2004) have reviewed neurological
conditions at altitude that fall outside the defini-
tion of AMS. These they list as:

● Transient ischemic attacks (TIAs) and strokes
or cerebro-vascular accidents (CVAs)

● Migraine
● Cerebral venous thrombosis
● Subarachnoid hemorrhage
● Seizures, epileptic fits
● High altitude syncope

● Space occupying lesions
● Transient global amnesia
● Delirium at high altitude
● Cranial nerve palsies
● Possible coagulation problems
● Ophthalmological problems

The cases of Roborovsky and of Shipton men-
tioned above could be considered as examples of
TIAs. Wohns (1986) reported two cases of TIA on
Everest north-east ridge and a third patient who suf-
fered TIAs on three separate high altitude climbs.
Jenzer and Bärtsch (1993) reported a case of a climber
with transient aphasia, right sided sensory and motor
impairment with headache. He had similar symp-
toms on a subsequent expedition. In Operation
Everest III (Comex), a 40-day chamber study of eight
subjects, there were three cases of TIA towards the
end of the study at an altitude equivalent to above
8000 m. They all recovered rapidly (Richalet et al.
1999). Murdoch (1996) reported cases with various
focal neurological defects at altitude with, again,
rapid recovery. The distinction between TIA and
stroke is somewhat arbitrary. A number of cases typi-
cal of stroke (hemiparesis, aphasia) have been
reported (Table 22.1) but in contra-distinction to
stroke seen in hospital practice, almost all cases seen
at altitude make complete recovery within 24 h.

22.1.3 Migraine

Migraine is very common at sea level so its occur-
rence at altitude may be coincidental. However,
anecdotal reports suggest that altitude may well be a
trigger for attacks. Engel et al., as early as 1944,
reported that migraine developed repeatedly in
patients taken to high altitude in a chamber (quoted
by Basnyat et al. 2004). The severity of attacks may
be worse at altitude (Murdoch 1995) and may be
attended by various transient, focal neurological
defects. A case report by Jenzer and Bärtsch (1993)
illustrates this. A healthy 25-year-old mountaineer
suffered mild migraine at low altitude but after a
climb to over 8000 m he experienced very severe
headache together with some aphasia and sensory
impairment of his tongue and right hand. Four years
later he had another episode, similar in many ways 
to the first. Both episodes lasted a number of hours
and subsequent neurological examination including
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computed tomography (CT) scans were all negative.
The headache may not be the typical one-sided
headache of migraine and may be hard to distin-
guish from that due to AMS.

22.1.4 Cerebral venous thrombosis

Dickenson et al. (1983) noted cerebral venous
thrombosis in autopsies of patients evacuated to
Kathmandu after death at altitude. Song et al. (1986)
made the same finding in his patients all of whom
had been at altitudes of greater than 5000 m for more
than 3 weeks. Patients usually present with hemi-
paresis. They suggested that plasma volume deple-
tion due to dehydration and polycythemia may be a
factor in the genesis of the condition.

Jha et al. (2002) reported their experience of
stroke in Indian Army personnel admitted to their
hospital from high altitude. Of the 30 stroke patients,
the majority had ischemic strokes but two patients
had cerebral venous thromboses. Superior sagittal
sinus thrombosis was diagnosed in a case of a
climber in the French alps who developed right sided
weakness and dysphasia with seizures (Boulos et al.
(2000). He was found to have a low protein C level
and the same deficiency was found in one family
member. The patient gradually improved on anti-
coagulant treatment. From Israel a case of sagittal
and transverse sinus thrombosis was reported by
Torgovicky et al. (2005) in a chamber instructor who
presented with severe frontal headaches persisting for
a month following routine high altitude chamber
training. She also made a slow recovery on anti-coag-
ulant therapy. Complete coagulation screening failed
to find any defect. The patient had been taking oral
contraceptives.

22.1.5 Subarachnoid hemorrhage

This condition, which affects otherwise healthy
young individuals, may strike while the patient is at
high altitude and could be misdiagnosed as AMS
especially in cases where the vascular malformation
leaks rather than ruptures. Hackett (2001) mentions
three patients he looked after at altitude with neuro-
logical defects, two of whom were subsequently
shown to have cerebral arteriovenous malformations
and the third, an aneurism. Whether ascent to 

altitude is a risk factor for subarachnoid hemorrhage
is debatable. The vasodilatation that occurs then
with increased cerebral blood flow might be a trigger.

22.1.6 Seizures

Although seizures are a feature of acute, very severe
hypoxia such as used in the selection of Everest
climbers by the Russian 1982 expedition (Gazenco
et al. 1987), they are not normally seen in AMS or
HACE and are not a response to the sort of chronic
hypoxia experienced by people going to high altitude.
Whether altitude hypoxia is a trigger for seizures in
an individual with susceptibility is still an open ques-
tion. There is some anecdotal evidence that it might
be so (Hackett 2001). A recent case report of a
mountaineer in the Andes is very suggestive. This
35-year-old man had no previous history of epilepsy
but suffered two epilepiform seizures after a night at
5200 m. He had no symptoms of AMS or HAPE. He
was later shown to have the typical spike and wave
pattern on his EEG on hyperventilation and his
father had a similar EEG (Daleau et al. 2006). (For
further discussion see Chapter 24.)

22.1.7 Space occupying lesions

Shlim et al. (1991) reported three cases of patients
asymptomatic at low altitude who developed symp-
toms at altitude found to be due to brain tumors
and Hackett (2000) reported a case of a man who
suffered diplopia and ataxia on two occasions when
he ascended from sea level to 4000 m. He was later
diagnosed as having a subarachnoid cyst in the left
frontal region. There is slight swelling of the brain
on going to altitude even in subjects without AMS
(Hackett 1999). Presumably in these patients with a
space occupying lesion, the extra pressure from this
swelling is enough to cause the lesion to become
symptomatic.

22.1.8 Transient global amnesia

The term high altitude global amnesia (HAGA) has
been used by Litch and Bishop (2000) to describe 
a variety of neurological features associated with
transient loss of memory and confusion but not
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associated with any motor or sensory disturbance
or obvious HACE or HAPE. As the cerebral cortex
is vulnerable to hypoxia, local hypoxia of the limbic
cortex may be implicated.

22.1.9 Cranial nerve palsies

Lateral rectus (6th nerve) palsy has been widely
reported at altitude (Virmani and Swamy 1993, Shlim
et al. 1995, Murdoch 1994). In most cases these palsies
are not associated with AMS or HACE and the condi-
tion is rarely seen in cases of HACE. The resulting
diplopia and palsy may last for weeks or months but,
in the absence of HAPE is usually benign (Murdoch
1994). Other cranial nerves can be affected, e.g. facial
and hypoglossal (Basnyat 2001).

22.1.10 Cortical blindness and transient
visual defects

Transient blindness has been reported in otherwise
healthy individuals at altitude. Six cases at an altitude
of 4300 m were reported by Hackett et al. (1987c),
four on Denali in Alaska and two at Pheriche near
Everest. These individuals were not suffering from
pulmonary edema or severe AMS. They did not have
retinal hemorrhage. The blindness lasted from
20 min to 24 h, with intermittent periods of normal
vision. Oxygen breathing relieved it and recovery was
complete. It was thought to be due to hypoxia or
ischemia of the visual cortex. Houston (1987) also
reported various visual disturbances on acute expo-
sure to altitude in chambers. There is some sugges-
tion that subjects with a history of migraine are more
susceptible.

22.2 PLATELETS AND CLOTTING

There has been considerable interest in factors in the
blood associated with clotting, and the effect of
hypoxia, with and without symptoms of AMS, on
these systems. This is because of the frequent find-
ing of thrombi in various organs at post-mortem in
cases of AMS and its complications (Dickinson et al.
1983), and the frequency of cases of cerebrovascular
accidents at altitude.

22.2.1 Platelet counts

In mice, there is a profound fall in platelet count on
exposure to hypoxia. Counts are down to 36% of
control by day 12 (Birks et al. 1975). In humans, no
such fall has been found. It has been reported that in
the first few days there is either no change (Maher 
et al. 1976, Sharma 1982), or a small fall of 3% in
subjects with AMS and a rise of 3% in asymptomatic
subjects (Sharma 1980). Chatterji et al. (1982) found
a 12–26% reduction in platelet count on day 2 or 3 at
altitude in two studies at 3200 m and 3700 m. Counts
increased towards control values over the next 10
days. These small changes may simply reflect hemo-
concentration or dilution. With more prolonged
exposure Sharma (1981) found a 14% increase by
21–31 days followed by a fall to sea level values at 180
days. At 4300 m, a rise of between 50 and 100% has
been found, both on arrival and 2 weeks later, after
climbs to higher altitude (Simon-Schnass and
Korniszewski 1990). Hudson et al. (1999) also found
a significant increase in platelet count in 28 subjects
on going up from 600 m to 3600 m in Bolivia with a
slight further rise after one week. They also found
that residents of El Alto (4200 m) had higher counts
than residents of Santa Cruz (600 m).

22.2.2 Platelet adhesiveness

Under a variety of conditions platelets become more
sticky, and this property may be important in initi-
ating platelet thrombi. Sharma (1982) has also stud-
ied the effect of altitude on platelet adhesiveness. On
acute exposure to altitude he reported an increase in
platelet adhesiveness in subjects with AMS, com-
pared with their sea level results. However, this was
only on days 2 and 10 of altitude exposure and not
on days 1 and 4. Also, the sea level values for symp-
tomatic subjects were markedly less than for the
asymptomatic group. Actual values at altitude were
the same for both groups. He also reported (with
others) that high altitude residents had significantly
higher platelet adhesiveness than lowlanders at sea
level (Sharma et al. 1980).

22.2.3 Coagulation

Singh and Chohan (1972a) found an increase 
in fibrinogen level and fibrinolytic activity in 38 
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subjects at altitudes between 3670 m and 5470 m, but,
in six subjects thought to have pulmonary hyperten-
sion on clinical grounds, the fibrinogen levels were
lower, suggesting consumption coagulopathy. In
these patients, factors V and VIII were increased, as
was platelet factor III. Maher et al. (1976) also found
a fall in fibrinogen level in eight subjects in a simu-
lated altitude of 4400 m but no change in thrombin
or prothrombin times; platelet factor III was normal.
Partial thromboplastin time was shortened and fac-
tor VIII activity was reduced. Hyers et al. (1979)
found accelerated fibrinolytic activity in subjects
with and without susceptibility to AMS but no
change in fibrinogen, partial prothrombin time,
platelet lysis time or fibrinopeptide A. In patients
with HAPE, fibrinogen levels and venous clot lysis
time have been reported to be increased (Singh et al.
1969a, Singh and Chohan 1972a).

Bärtsch et al. (1982) showed, in 20 subjects taken
rapidly to 3700 m, that there were no changes in
coagulation tests 1 h after arrival. After strenuous
exercise there was shortening of clotting time,
euglobulin lysis time, and increase in factor VIII
activity – changes that are all found on exercise at sea
level. There was no change in fibrinopeptide A and
no rise in fibrin degradation products or fibrin frag-
ment E (i.e. no evidence of intravascular clotting). In
a later study the contact phase of blood coagulation
was studied in subjects who had ascended to 4559 m
in 3 days. There was no evidence of activation of this
system even in subjects who developed acute HAPE
(Bärtsch et al. 1989).

An extensive study of the clotting cascade dur-
ing a 40-day chamber experiment, Operation
Everest II, when subjects were taken in stages up 
to the simulated equivalent altitude of Mount
Everest, showed no significant changes in clotting
factors, though thrombosis round the sites of
Swan–Ganz catheters was common (Andrew et al.
1987).

In summary, it seems that the physiological
response to hypoxia has not been shown to involve
any important changes in platelet count or adhesive-
ness or in other clotting factors. However, there may
be changes associated with AMS and especially HAPE
(Singh and Chohan 1972b). These may include
changes suggesting disseminated intravascular coag-
ulation but this is still not proved. The changes so far
demonstrated seem to appear rather too late in the
course of altitude exposure to be considered
causative, so, even if present, they may represent an

effect or a complication of AMS rather than being
essential in its genesis.

22.3 SPLINTER HEMORRHAGES

Splinter hemorrhages may occur under the finger-
nails of high altitude natives, and are more pro-
nounced in those with CMS and in climbers at
extreme altitude (English 1987). In South American
high altitude dwellers, the incidence appears to
increase with altitude, rising from 34.9% at 150 m to
57.9% at 4200 m (Heath and Williams 1995, pp.
311–13). In over 1000 healthy Chinese children born
at altitude, examination of the nails showed an
increase in number of capillary loops and abnormal
loops (Han et al. 1985). The cause of these hemor-
rhages may be associated with increased capillary
fragility or it may be embolic or traumatic in origin.

22.4 RISK FACTORS FOR THROMBOSIS

The risk factors for thrombosis include decreased
physical activity, dehydration, increased hematocrit
and cold.

Physical activity may be greatly decreased at alti-
tude. Individuals may spend several days recumbent
in a sleeping bag in bad weather and, even in good
weather, activity can be restricted by fatigue to a
shorter working period each day than at lower levels.

Dehydration is common, with increased respira-
tory water loss owing to cold and a high respiratory
rate. A diminished sensation of thirst, together with
the practical difficulties of melting snow to produce
water, results in an inadequate fluid intake.

A hematocrit of 45–60% is normal for sea level
visitors to altitude and some high altitude residents.
When the hematocrit exceeds 50% the apparent
viscosity increases steeply. Vasoconstriction further
increases viscosity and thus cold will contribute
(Whittaker and Winton 1933, Pappenheimer and
Maes 1942).

22.5 MECHANISMS OF VASCULAR
ACCIDENTS

The mechanism of vascular accidents is debatable.
Short-lived attacks may be due to spasm, or possibly
a manifestation of migraine. Thrombosis is another
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possibility, due to a high hematocrit and dehydration
(Ward 1975, pp. 289–92), and disturbances of coagu-
lation and platelet function may also occur. In some
cases hemorrhage cannot be ruled out. As with
‘stroke’ at lower altitudes, there may be different
causes.

22.6 CASE HISTORIES

22.6.1 Patient A

A man, aged 32, while climbing at 8400 m, suddenly
experienced a severe pain in the right side of his
chest and collapsed. He was unable to move for
30 min and then started to cough up dark red blood.
After a night at 8200 m he crawled down to a lower
camp at 7800 m, continuing to complain of severe
pain and coughing up blood.

Three days later, that is, 5 days after the initial
incident, he reached camp at 7400 m. He was barely
conscious and his feet and hands were gray–white in
color and had the consistency of wood. He was evac-
uated to a camp at 6400 m where his general condi-
tion was poor and he was still coughing up blood.
On examination, air entry at the base of the right
lung was found to be greatly diminished, and there
was deep frostbite to both legs below the knees, but
both popliteal and femoral arteries were palpable.
Deep frostbite was also present in the distal parts of
all fingers and both thumbs.

In the next 2 days he was evacuated to 4600 m and
then flown to hospital at 1100 m. Here a chest radi-
ograph showed shadowing in the right lower zone,
presumably an infarct. Later he developed a lung
abscess in this part of the lung and then an empyema
with bronchopleural fistula. After a rib resection and
drainage this resolved (Figs 22.1–22.3).

Eventually, bilateral below-knee amputation was
carried out and all fingertips on both hands were
removed after mummification. There remained some
scarring of the right hand with restriction of finger
and thumb movement (Ward 1968).

22.6.2 Patient B

A man climbed from 7850 m to 8750 m in 13 h using
supplementary oxygen and then spent 35 min on the
summit. He bivouacked for the night a few hundred
meters lower. The night temperature was estimated
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Figure 22.1 Patient A: thrombosis of the right lower
lobe, which occurred at 8350 m.

Figure 22.2 Patient A: after the development of a right
pleural effusion.



at �30°C with winds gusting to 80–95 km h�1

(50–60 mph). During the night his supply of oxygen
ran out and he shivered continuously. Later he esti-
mated that he had had nothing to drink for 30 h
while above 7900 m.

Next day he descended and developed a persis-
tent cough. A day later he complained of pain in the
left side of his chest and, when examined, was told
that he had pneumonia and pleurisy. He continued
to have chest pain and then 4–5 days later began
coughing up blood. Eleven days after he had reached
the summit, chest radiograph showed a left pleural
effusion. Three days later he was admitted to hospi-
tal in the USA. Six weeks after the initial incident, at
operation, a fibrous tissue mass occupying 50% of
the lower half of the left thorax was excised. He
made an uneventful recovery and post-operatively
reached an altitude of 5800 m. His stamina has in no
way been impaired (Wickwire 1982).

22.6.3 Patient C

A man, aged 40, complained of severe headache at
6400 m. This continued for 3 days and was relieved

by codeine tablets. By the evening of the third day he
noticed that he could not speak properly. On exam-
ination he had nominal aphasia but could under-
stand the spoken word. There was some evidence of
right facial weakness with involuntary movements
confined to the right side of the face. Both carotid
arteries were palpable. There was loss of power in
the right arm, but no loss of sensation. The lower
limbs could not be examined as the patient was in a
sleeping bag.

After sedation and continuous oxygen by mask
for 8 h, he was able to descend to 5000 m, with some
difficulty due to weakness of the arms and legs. For a
further 3 days speech remained slurred, he was often
at a loss for a word and individuals’ names were
mixed. After 15 days there were no residual signs; a
note written at this time contained lucid statements
and logical arguments and his writing was normal.
There appeared to be no permanent after-effects
(Ward 1968).

22.7 MANAGEMENT

22.7.1 Prevention

Adequate hydration is extremely important and, as
the majority of mountaineers at extreme altitudes
appear to be dehydrated, the danger of thrombosis
occurring probably increases with length of stay.

Posture too may be significant, particularly while
bivouacking, when a fetal position is assumed to pre-
vent too much heat loss. As the knees, hips and arms
are kept flexed there is an increased risk of thrombo-
sis, so arm and leg stretching should be carried out
regularly. Lying in a sleeping bag, particularly if the
calves are constricted, may lead to the formation of
‘silent’ calf thrombosis. Regular movement is there-
fore important. In subjects with an abnormally high
hematocrit (e.g. over 0.65), after adequate hydration,
venesection should be considered if the subject plans
to remain at altitude. Hemodilution has been used
for treating polycythemia in mountaineers; it is
considered to be a potentially hazardous maneuver
(Sarnquist et al. 1986).

22.7.2 Treatment

Treatment will depend upon the diagnosis but all
patients will benefit from descent and hydration.

318 Other altitude-related conditions

Figure 22.3 Patient A: after the development of a right
pyopneumothorax and bronchopleural fistula.



Oxygen may improve those who are severely
shocked. Anticoagulants are potentially dangerous
and adequate laboratory facilities should be available
before they are used. However, in exceptional circum-
stances in cases of thrombosis and if the physician is
experienced, small doses of a short-acting anticoagu-
lant may be given. Return to altitude after a vascular
episode should be considered with caution, but some
have returned with future expeditions to climb at
high altitude without recurrence of symptoms.

22.8 RETINAL HEMORRHAGE

22.8.1 Clinical features

In 1970 Frayser et al. reported retinal hemorrhages in
35% of subjects flown to 5330 m. Since then retinal
hemorrhages have been found in a proportion of
climbers on a number of expeditions (Rennie and
Morrissey 1975, Clarke and Duff 1976). The condi-
tion is almost always symptomless and self-limiting.
The hemorrhages are usually multiple, often flame
shaped and adjacent to a vessel. If near the disc there
may be some blurring of vision. A case has been
reported in a skier, who also had HAPE, at an altitude
of only 2930 m in Colorado, though he had been
briefly up to 3470 m (Honigman et al. 2001).

Besides hemorrhages, ‘cotton wool’ spots have
been reported in one case (Hackett and Rennie
1982) and some mild papilledema may be present as
well. There is usually engorgement of both arteries
and veins (Fig. 22.4).

The hemorrhages are usually found during the
first few days after ascent to altitude (the ‘at risk’
time for AMS) and subjects are often suffering
from AMS, though the correlation with severity of
AMS is not strong (Rennie and Morrissey 1975).
A study by Wiedman and Tabin (1999) did find a
significant correlation between retinopathy and
HACE (p � 0.02).

22.8.2 Incidence of retinal 
hemorrhage

The incidence varies from zero on one 10-member
expedition to Mount Kongur (7719 m) in Xinjiang,
to 15 of 16 members on an expedition to Peak
Communism (7495 m) in Russia (Nakashima 1983).
It seems that people going to altitude for the first time

are especially liable to show this phenomenon
(Clarke and Duff 1976) whereas experienced high
altitude climbers and Sherpa residents are relatively
immune. Wiedman and Tabin (1999) found
retinopathy in 19 of 21 climbers who went to over
7500 m and in 14 of 19 who ascended to between
5000 and 7500 m.

22.8.3 Mechanism of retinal
hemorrhage

At the time when retinal hemorrhage appears, the
cerebral blood flow is increased (Severinghaus et al.
1966a). The blood flow through the retinal vessels 
is increased by 105% (Frayser et al. 1970). Rennie
and Morrissey (1975) found arterial diameter to be
increased by 24% and venous diameter by 19%. They
suggest that, in the presence of these dilated vessels,
the sudden rise in vascular pressure associated with
coughing and straining may cause a microvessel 
to rupture; cough is common and severe at altitude
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Figure 22.4 Retinal hemorrhage at altitude.



(see section 22.10). However, Sakaguchi and Yurugi
(1983) have produced retinal hemorrhage in mon-
keys in a chamber when presumably cough was
absent. In 16 exposures five monkeys showed reti-
nal hemorrhage, whereas no retinal hemorrhage
was produced in 46 rabbits. The authors point out
that rabbits, unlike monkeys or humans, have arte-
riolar–venular anastomotic vessels in their retina,
which may protect them.

22.9 ALTITUDE AND THE CORNEA

22.9.1 Hypoxia and the cornea

The cornea relies on the direct diffusion of oxygen
from the air for its oxygen supply. At altitude it there-
fore suffers from hypoxia but, unlike other tissues in
the body, there can be no compensatory mechanisms
of acclimatization such as increased ventilation and
hemoglobin concentration. The effect of hypoxia on
the cornea is to increase its hydration, causing it to
swell. Shutting the eyes as in sleep results in lowering
the PO2 further so that any swelling will be worse
after a night’s sleep. Normally this swelling is not
noticed and causes no change in the refraction of the
eye in either normal eyes or myopia (short sight).

22.9.2 Dry eye syndrome

Dry eye syndrome is a common condition and may
be present in climbers and trekkers. It is due to
reduced production of tears. The condition may is
exacerbated by dry air, windy conditions and glare –
all common at altitude. Symptoms include irritation
of the eyes, burning sensation, light sensitivity and
blurred vision (Mader and Tabin 2003). In all but the
most severe cases tear substitute eye drops are ade-
quate to avoid symptoms. However, in the moun-
tains there is the practical problem of which
preparation to use. Artificial tear preparations can
contain preservatives, in which case they can be
reused after opening but the preservatives themselves
can cause irritation. If the drops are preservative free
they are liable to bacterial contamination and, after
opening, can only be used for 24 h. Climbers can
benefit from wrap-around goggles that protect the
eye from wind, dust and UV light. Such goggles may
also increase the humidity around the cornea, thus

providing additional comfort (Mader and Tabin
2003).

22.9.3 Refractive errors, glasses and
contact lenses

Altitude hypoxia has no effect on corneal refraction
(unless there has been surgery on the cornea, see
below) but subjects with refractive errors who rely on
glasses or contact lenses need to consider the effect of
the wilderness environment on their ability to main-
tain ocular hygiene. The problem with glasses are
obvious and most mountaineers will have found
their own solutions including prescription glacier
glasses or will have tried contact lenses. There are a
number of types of lenses available each with its own
advantages and disadvantages. For a discussion of
this topic the reader is referred to Mader and Tabin’s
review (2003).

22.9.4 Surgery for myopia

A number of operations have been devised to change
the refraction of the cornea in myopia, one of the
most successful and frequently performed being
radial keratotomy (RK). Millions of young people
have now benefited from this operation which con-
sists of making four to eight radial incisions in the
cornea from the edge of the central area to the
periphery. The effect of this maneuver is to cause a
flattening of the cornea as the incisions heal and con-
tract, reducing the power of the cornea/lens system
and thus correcting much or all of the refractive error
of the eye. Originally, the incisions were made by a
diamond scalpel but now a laser is usually used.
Another operation is photorefractive keratectomy
(PRK). Here a laser is used to ablate and remodel the
anterior surface of the cornea, reducing its curvature.

22.9.5 Hypoxia and the post-surgical
myopic patient

Mader and White (1995) and Mader et al. (1996)
have studied the effect of hypoxia on subjects follow-
ing surgery. In the first study four normal corneas
were compared with four which had undergone RK.
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Patients were studied at 12 000 ft (3658 m) and
17 000 ft (5182 m) and remained for 24 h at each alti-
tude. They found that from sea level to 12 000 ft there
was a change in refraction of the operated eyes
of �0.59 diopter and at 17 000 ft of �1.75 diopters.
There was no change in the normal eyes. In the sec-
ond study at 14 100 ft (5182 m), six subjects with RK,
six with PRK and nine with myopia were studied
daily for 3 days. There was no change in refraction in
the subjects with myopia or PRK, whereas the RK
subjects had significantly changed refraction.

The mechanism of this change is probably due to
the swelling of the cornea because of hypoxia caus-
ing further flattening of the RK cornea (Winkle et al.
1998). The effect is to make the subject far-sighted.
These changes are all reversible after return to sea
level. However, although the changes at moderate
altitude are probably only of nuisance value, at
extreme altitude they can result in near blindness
which in turn can lead to catastrophe as in the case of
an American climber on Everest in 1996 (Krakauer
1997). If subjects who have had RK wish to climb
high they should be advised to take a selection of
cheap positive lens glasses to correct the change in
refraction that can be expected. It is not possible to
predict this change accurately.

22.10 HIGH ALTITUDE COUGH

22.10.1 Background

It has been common knowledge amongst moun-
taineers that cough is a problem at high altitude,
especially after some time spent at extreme altitude.
Tasker writes in his account of the winter expedi-
tion on Everest’s west ridge:

Alan (Rouse) . . . was still racked by frequent
coughs and periodically, as if by auto-
suggestion I found that I too was succumbing
to a bout. Once started, there was no escape.
The cold dry air compounded the irritation in
the throat and the victim’s body would be
shaken by the hacking cough until randomly
flung free of its spell. The nights at Base Camp
as well as on the mountain were often punc-
tuated by staccato bursts of noise disturbing
the sleep of the sufferer and all those around.

(Tasker 1981)

Apart from disturbing the sleep of climbers, cough
is quite debilitating and can even cause rib fracture
(Steele 1971).

Although well known to climbers, altitude cough
attracted no scientific study until Barry and col-
leagues carried out their work on the British Mount
Everest Medical Expedition (BMEME) in 1994. They
first documented the reality of increasing cough fre-
quency with altitude and length of stay. They did this
by using voice-activated tape recorders and showed
that the number of coughs at night increased from
zero at sea level to a mean of 60 per night at 7000 m
(Barry et al. 1997a).

22.10.2 Mechanism

It has been generally assumed that the cause of alti-
tude cough is the cooling and drying of the upper
airway due to hyperventilating cold, dry air at alti-
tude. However, anecdotal reports of cough in long-
term chamber studies such as Operation Everest II,
where the temperature and humidity were controlled
at comfortable levels, gave pause for thought as to
whether this was the whole story. In Operation
Everest III (COMEX ’97) cough frequency was mon-
itored, again with voice-activated tape recorders, and
shown to increase with altitude (Mason et al. 1999).

In 1994 Barry and his team also measured the
cough threshold to citric acid. In this test the subject
is given a nebulizer of increasing concentrations of
citric acid and the concentration which first provokes
cough is noted. This threshold was reduced at altitude
(Barry et al. 1997a). In the Operation Everest III study
the cough threshold for citric acid also was shown to
decrease at 8000 m even though the temperature was
kept at 18–24°C and relative humidity at 30–60%

Barry et al. (1997b) also documented a decrease
in mucociliary clearance by the saccharin time test
and found that the sensation of nasal blockage was
increased at Everest Base Camp. In a double-blind,
placebo-controlled trial at Kangchenjunga Base
Camp in Nepal in 1998, the same team showed that
salmeterol or nedocromil could prevent the reduc-
tion in cough threshold, though the effect on cough
frequency was not significant (Bakewell et al. 1999).
Also it was shown, in a controlled trial, that moist-
ening the nasal mucosa by saline spray four times a
day prevented the increase in saccharin times seen
in the control group.
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It is probably too early to make a coherent hypoth-
esis taking into account the results of all these studies.
It is apparent that altitude cough is not simply an
effect of cold dry air and hyperventilation, though
these may be factors. Results from chamber studies
suggest that hypoxia per se is at least a factor. The
importance of the changes in the nasal mucosa is
also not clear. Finally, combining results of two sepa-
rate studies from BMEME ’94 showed that those
individuals who had the greatest change in cough
threshold also had the greatest increase in dynamic
carbon dioxide ventilatory response (see section 5.16)
(Barry et al. 1997c). This is in line with an earlier
finding by Banner (1988) of a correlation between
cough induced with hypotonic aerosol and the venti-
latory response to carbon dioxide. This raises the pos-
sibility that central mechanisms may be involved.

22.11 ANESTHESIA

22.11.1 Summary

A considerable number of major medical centers
are at altitudes of 1500–2000 m. General anesthetics
are administered there safely, and with only minor
modifications of techniques. Above 2000 m, increas-
ing attention must be paid to the effects of decreased
barometric pressure. Anesthetics are not normally
administered above 4000 m, and the response to
general anesthesia in this situation has not been sys-
tematically studied. Anesthesia above this altitude
might, however, be required in an emergency and is
potentially very dangerous. This is because anesthesia
abolishes the peripheral chemoreceptor response to
hypoxia. This, together with the low PI,O2, means that
the patient is at serious risk of severe hypoxia. The use
of intravenous ketamine with oxygen enrichment
may be the technique of choice but local anesthetic
is considered safer at altitude (Stoneham 1995).
Patients requiring general anesthetic should, wher-
ever possible, be evacuated to lower altitude.

22.11.2 Avoidance of hypoxia

During anesthesia with spontaneous ventilation,
breathing is almost always depressed and alveolar
ventilation may be reduced to half the value appro-
priate to the metabolic rate. Whether breathing is
spontaneous or artificial, there is usually an increase
in the alveolar/arterial PO2 gradient, equivalent to a

shunt of about 10% of pulmonary arterial blood
flow. For these reasons maintenance of a normal
arterial PO2 requires, at sea level, an increase in the
inspired oxygen concentration to 35–40%. The
inspired PO2 is thus about 300 mmHg and this
should be maintained regardless of barometric pres-
sure. The concentration of oxygen breathed by the
anesthetized patient should therefore be increased in
accordance with altitude, as shown in Table 22.2.

Nitrous oxide is an effective anesthetic at an alve-
olar partial pressure of about 750 mmHg (70%
nitrous oxide at sea level is only a partial anesthetic).
It will be clear from Table 22.2 that it cannot make a
very effective contribution to anesthesia above
2000 m, at which altitude only 46% of the inspired
gas is available for nitrous oxide. It is contraindicated
at any higher level and general anesthesia must then
be based on potent volatile anesthetic agents vapor-
ized in oxygen-enriched mixtures. Intravenous anes-
thetics should only be used with oxygen enrichment
of the inspired gas according to Table 22.2.

22.11.3 Hypoxic ventilatory drive

Survival at altitudes much in excess of 5000 m
depends upon hyperventilation in response to
hypoxic drive, although this is counteracted by
negative feedback, resulting from reduction of the
PCO2. It is now established that anesthesia (and even
sub-anesthetic concentrations of anesthetics) will
totally abolish the peripheral chemoreceptor response
to hypoxia (Knill and Celb 1978). It is therefore pos-
sible to envisage a situation in which a patient at
6000 m, who would normally have an arterial PO2 of
45 mmHg and a PCO2 of 23 mmHg, might perhaps
be anesthetized with halothane and air. There would
be rapid inactivation of peripheral chemoreceptors
with decrease of PO2 to about 23 mmHg, which
would threaten life. An increased oxygen concentra-
tion is therefore essential, not only during anesthe-
sia, but in the postoperative period, because the
peripheral chemoreceptors are severely depressed by
as little as one-tenth of the anesthetic concentration
of volatile anesthetic agents.

22.11.4 Performance of vaporizers

Calibrated vaporizers depend upon known dilution
of saturation concentrations of volatile anesthetics.
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The saturation concentration equals the vapor pres-
sure divided by the barometric pressure. Vapor pres-
sure depends only on temperature. Thus, if the
barometric pressure is halved, the saturation concen-
tration is doubled. If the dilution ratio of the vapor-
izer is unaffected by the reduction in barometric
pressure (a reasonable assumption), it may be
expected that the vaporizer will then deliver twice the
concentration shown on the dial. However, the phar-
macological effect depends on partial pressure. Twice
the concentration at half the barometric pressure
gives the same partial pressure as at sea level.
Therefore, as a first approximation, probably ade-
quate for clinical purposes, a temperature controlled
calibrated vaporizer may be expected to produce the
same effect for the same dial setting at altitude as at
sea level.

These concepts have never been tested at altitude.
However, Ward, Nunn and Woolmer anesthetized
one another in a chamber at a pressure of 375 mmHg
in 1961, in preparation for the Himalayan Scientific
and Mountaineering Expedition (Silver Hut)
1960–61. The apparatus was based on equipment
designed for use in Antarctica (Nunn 1961). With a
carrier gas of 60% oxygen in nitrogen, obtained with
oxygen flow through an injector, and a standard
halothane vaporizer (Fluotec Mark 2), uneventful
anesthesia was easily obtained in all three subjects
and recovery was rapid and uneventful. In view of
the subsequent discovery of the effect of anesthetics
on the peripheral chemoreceptors, we would now
favor 100% oxygen at this simulated altitude of
nearly 6000 m.

22.11.5 Practical considerations

The greater the altitude the lower is the possibility of
a trained anesthetist and appropriate equipment

being available. Dangers are multiplied by anesthe-
sia being attempted in this very hostile environment
by someone who is untrained. The first rule must be
to avoid anesthesia above 4000 m if at all possible
and to evacuate rather than attempt surgical inter-
vention on the spot.

If anesthesia is essential, then oxygen enrichment
of the inspired gas is essential for both patient and
anesthetist throughout the perioperative period. The
safest technique is probably a nonirritant volatile
anesthetic (halothane, enflurane or isoflurane)
vaporized in oxygen-enriched air according to Table
22.2. It was demonstrated that this technique could
be accomplished at sea level by medical officers with-
out special training in anesthesia who were destined
for the Antarctic (Nunn 1961). Transport of suffi-
cient oxygen, the vaporizer and the gas delivery sys-
tem would clearly present logistic difficulties. Use of
the open mask is not recommended because of the
difficulty in controlling the inspired oxygen concen-
tration. Ruttledge (1934) described a near disaster
when chloroform was administered on an open
mask at 4300 m on the Tibetan plateau during the
march in on the 1933 Everest expedition. This
would be expected on present understanding.

Intravenous anesthesia should not be attempted
at altitude by those without experience because of
the dangers of respiratory obstruction and depres-
sion. However, ketamine (2–4 mg kg�1) might well
be satisfactory because the patient’s airway and res-
piratory drive are well maintained with this drug.
This is logistically very attractive for major disasters,
mass casualties and warfare. There is good analgesia,
and duration is sufficient for any procedure likely to
be considered. Hallucinations may occur but would
be the least of the patient’s problems. Ketamine
should only be administered with oxygen enrich-
ment. A study of the use of ketamine anesthesia at
1850 m without supplementary oxygen found that
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Table 22.2 Minimal concentrations of oxygen in the inspired gas required to
maintain a normal arterial PO2 in the anesthetized patient

Altitude (m) PB (mmHg) Oxygen concentration (%) PI,O2 (mmHg)

Sea level 760 40 285
2000 596 54 296
4000 462 72 298
6000 354 100 307

PB, atmospheric pressure; PI,O2, partial pressure of inspired oxygen.



saturation values fell below 90% in significant num-
bers of patients, particularly in adults. However, the
authors conclude that ketamine was acceptable pro-
vided that supplementary oxygen and staff experi-
enced in airway management were readily available
(Pederson and Benumof 1993).

A report from Khunde Hospital (3900 m) in
Nepal describes the successful use of ketamine in 11
cases. A low dose (2.0 mg kg�1) was used and pre-
medication with midazolam prevented the night-
mares commonly encountered with ketamine.
Oxygen saturation was maintained either with sup-
plemental oxygen or by encouraging the patient to
breathe faster and deeper (Bishop et al. 2000).

A recent paper from Leh, India (3454 m) reports
the results in a series of 11 local children who under-
went surgery for ligation of patent ductus arteriosis
under general anesthesia. Under controlled hypoten-
sion (systolic pressure between 70 and 90 mmHg),
general anaesthesia (GA) was induced with sodium
thiopentone and suxamethonium and used to facili-
tate intubation. GA was maintained with oxygen:
nitrous nxide, 40:60, supplemented with vecuronium
as muscle relaxant and tramadol for analgesia.
Halothane was used for controlled hypotension dur-
ing ligation of the PDA. All children were extubated
on the table as there was no facility for elective venti-
lation. Supplemental oxygen by nasal catheter was
given for a short period following transfer to the
recovery room. Their systemic oxygen saturation
remained 90% on room air, 2 h after discontinuing
oxygen. All children survived the operation and were

discharged within 5–6 days (Kumar et al. 2005).
The PI,O2 would have been about 177 mmHg, a
lower figure than most anesthetists would like but
in this situation, with a light anesthetic and high
altitude resident children, there seems to have been
no problem.

22.11.6 Post-anesthetic period

In the post-anesthetic period, after a general anes-
thetic, the hazard of hypoxia due to respiratory
depression discussed above is still very real. Indeed,
in the hours after the operation, the danger may be
greater since the patient may not be so closely
watched as during anesthesia.

It should be remembered that, even at sea level,
patients are normally mildly hypoxic during this
stage. Hypoxia may cause restlessness, irritability and
confusion, which may be misinterpreted as being due
to pain. Additional analgesics may then be adminis-
tered which further depress respiration and the
patient may die from hypoxic cardiac arrest. This was
probably the sequence of events in a Sherpa operated
upon for debridement of frost-bitten fingers at an
altitude of 3900 m. Clearly, supplementary oxygen
must be given during the post-anesthetic period if
available. The patient must be closely watched and
stimulated to breathe either by verbal encouragement
or, possibly, by the use of a respiratory stimulant such
as doxapram.
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SUMMARY

This chapter deals briefly with the physiology and
pathology of heat and cold. Thermal balance, the
difference between heat gain and heat loss, deter-
mines our body temperature. The various compo-
nents of this balance are discussed and the ways
that the body defends itself in hot and cold condi-
tions, and the processes of acclimatization and
adaptation to either heat or cold are considered.

The pathology of heat includes the effect on the
whole body, heat lassitude and hyperthermia and
locally, sunburn, snow blindness and prickly heat.

The body’s response to cold is discussed and the
pathology of cold affecting the whole body, hypother-
mia and locally, frostbite and nonfreezing cold injury
(trench foot); their diagnosis and management.

23.1 HEAT: INTRODUCTION

The traveler, if from a cool climate, is at risk of med-
ical problems when he or she goes to a hot climate.

In these days of rapid transport, the change from
cool to hot climate can be very abrupt with no time
for heat acclimatization and this situation increases
the risk for the newly arrived traveler. There is a
variety of illnesses associated with heat from the
relatively trivial, prickly heat and mild sunburn to
the lethal, heat stroke. One might suppose that the
mountaineer or visitor to high altitude would not
be at risk of heat problems but apart from the fact
that the approach to mountains is often through
tropical or subtropical lowlands, the mountain envi-
ronment can be hot. The great ranges are mainly at
low latitudes with the sun high in the sky. At alti-
tude there is less air to filter out the solar radiation
and snow reflects this back on a climber, further
increasing the heat load. Finally, having started out
in the cold early morning dressed in high insulating
clothes and exercising quite hard, the climber is at
real risk of suffering from over-heating, dehydra-
tion and salt depletion.

The effects of sunlight in causing sunburn and
snow blindness are obviously of importance to
mountaineers and travelers to altitude.



23.2 HEAT: THERMAL BALANCE

Humans, like all warm-blooded animals, maintain a
constant internal temperature unless the limits of
their thermo-regulatory systems are exceeded. These
mechanisms are both physiological and technical.
The technical include clothing, shelter and heating or
cooling of our environment. The physiological mech-
anisms include regulation of blood flow to the skin,
sweating and shivering. In considering the problem
for subjects in a hot environment we need to con-
sider, on the one hand, the factors tending to make
for a rise in temperature, the heat gain; and, on the
other, the ways in which the body can reduce the tem-
perature: the heat loss. The balance of heat gain and
heat loss determines the temperature of the body.

23.2.1 Heat gain

Heat gain is from either external or internal sources.
Externally, heat is gained via convection, conduction
and radiation. The important factors are the ambi-
ent temperature and solar radiation. Internally, heat
is gained as a by-product of metabolism. At rest
between 272 and 355 kJ h�1 (65 and 85 kcal h�1) are
gained from this source but even moderate exercise
raises this to 1.25–2.5 MJ h�1 (300–600 kcal h�1).
Solar radiation can add up to about 630 kJ h�1

(150 kcal h�1).

23.2.2 Heat loss

Heat is lost to the environment also by convection,
conduction, radiation and evaporation of sweat.
Normally about 65% (170–210 kJ h�1 (40–50 kcal
h�1)) of heat loss is by radiation from the body 
to air. This depends upon the air temperature and
when the air temperature reaches 37°C no heat lose
takes place by this mechanism. Evaporative heat loss
is very important in hot climates. For every liter of
sweat evaporated, 2.5 MJ (600 kcal) of heat are lost
(though not all comes from the subject). But the
efficiency of sweating depends upon the humidity
of the air, becoming less efficient as the humidity
and temperature rise, until at 37°C and 100%
humidity no evaporation can take place. At more
normal humidity levels, air movement increases the
rate of evaporation, hence the beneficial effect of

fans in hot climates. Note that sweat that drips off
the body rather than evaporating is wasted from the
point of view of heat loss. The effect of sweating is to
lose water and salt leading to dehydration and salt
depletion if not replaced.

23.3 HEAT ACCLIMATIZATION

The human body can acclimatize to heat to some
degree. Most of the research has been carried out
in fit young subjects in whom a program of
increasing exercise has been prescribed after an
abrupt change from a cool to a hot climate. Under
these conditions it has been possible to demon-
strate changes in a number of physiological sys-
tems which together mitigate the effects of high
ambient temperature on physical performance.
These changes take place over the first 2 weeks and
are enhanced by exercise. The changes include:

● Increase in aldosterone levels leading to
conservation of salt

● The reduction in the salt content of sweat
● Lowering of the temperature at which sweating

starts
● Increase in sweat rates up to twice the

unacclimatized rate
● Increase in the plasma volume and cardiac

output

This last adaptation allows a greater increase in
skin blood flow, which increases heat transfer to
the skin and increased heat loss (Armstrong and
Maresh 1991).

These changes help to dissipate heat when the
subject is under a heat load and reduce the risk of
illnesses due to heat stress. The converse is that
before acclimatization has occurred, during the
first few days in a hot climate, travelers are rightly
advised to avoid exercise, especially in the heat of
the middle of the day.

23.4 HEAT ILLNESSES

Heat illness occurs when heat gain is greater than
the subject is accustomed to. The onset is in the
setting of high environmental temperature for
some hours; often the patient has recently arrived
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in a hot country. High humidity, direct sunshine
and especially exercise are aggravating factors.

There are three degrees or stages of heat illness:

● Lassitude, heat cramps, syncope
● Heat exhaustion
● Heat stroke

23.4.1 Lassitude, heat cramps or
syncope

The subject feels lethargic and may have muscle
cramps, often in the calves or thighs. Part of the
mechanism is probably dehydration and/or salt
depletion. The body temperature is normal. The
treatment is the same as for heat exhaustion (see
below).

23.4.2 Heat exhaustion

This is a further stage of heat illness. The setting is
the same as above; often the patient has been exercis-
ing in the heat. He/she complains of weakness, faint-
ness, anorexia, nausea, vomiting and muscle cramps.
There may be flu-like symptoms. The skin is often
pale and moist or frankly sweaty. The body tempera-
ture is normal and there are no central nervous sys-
tem (CNS) signs. In cases which have developed in a
short time, hours or a day, dehydration is likely to be
dominant whereas in cases developing over a num-
ber of days, especially if water has been taken but lit-
tle salt, salt depletion is likely to be more important.
Often both are present and require correction.

Management consists of rest, reducing the heat
gain, getting the patient out of the sun and into as
cool a place as possible, then to replace salt and
water as appropriate. One teaspoonful of salt to 
a liter of water is a reasonable domestic remedy.
Both these stages of heat illness normally recover
quickly and completely, though the patient may
have a headache for a day or two.

23.4.3 Heat stroke, hyperthermia

Heat stroke is a true life-threatening medical emer-
gency. The setting is the same as for heat exhaustion
but with continued, more severe heat stress. The cru-
cial difference from heat exhaustion is that the body

temperature is elevated to 40°C or above. If the rise is
to above 42°C for more than 45 min there is danger
of permanent brain damage or death (Bouchama
and Knochel 2002). This explains the urgency of
making the diagnosis and starting treatment.

The progression of the condition is due to the
breakdown of the body’s thermo-regulation and
the cessation of sweating. It is this cessation of sweat-
ing that triggers the rapid rise in temperature if the
heat stress continues and is a very serious clinical
sign. Mustafa et al. (2003) have recently shown that
rabbit carotid artery responded to being heated
above 37°C by vasoconstriction, which might lead
to cerebral ischemia and may be part of the mech-
anism for heat stroke.

The clinical picture is of a patient in the setting
of a high heat load who has stopped sweating. The
skin, instead of being pale, cool and sweaty becomes
red, hot and dry. The patient becomes confused,
uncoordinated, and drowsy and then loses con-
sciousness. The body temperature will be found to
be between 40 and 47°C. Seizures may occur dur-
ing cooling. There is tachycardia and hyperventila-
tion with Pa,CO2 often less than 20 mmHg. A quarter
of patients have hypotension.

23.4.4 Primary treatment of heat stroke

The essential of treatment is to reduce the heat stress
and institute cooling by whatever means are available
as quickly as possible. If the patient is conscious, fluid
and salt may be given by mouth. Cooling is best
effected by wetting the skin and evaporating it by air
movement. Water can be sprayed and fans played on
the patient or the patient can be placed in an ice-cold
bath of water if available. Circumstances will dictate
the method used but speed is more important than
sophistication. Ice packs, if available, can be used
placed over superficial arteries, e.g. in the groin and
axilla but, compared with evaporative heat loss, are
relatively inefficient. After initial treatment, it is
important to admit the patient to hospital in order to
be able to deal with possible complications.

23.4.5 Secondary care

On investigation in hospital, there will usually be
found both respiratory alkalosis and lactic acidosis
(Bouchama and De Vol 2001). Hypercalcemia and
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hyperproteinemia are common and reflect hemocon-
centration. Hypophosphatemia and hypokalemia 
are also common though hypoglycemia is rare.
Rhabdomyolysis and hyperkalemia may be a prob-
lem after cooling (Knochel 1989). The most seri-
ous complications after initial treatment are those
of multi-organ failure including encephalopathy,
kidney or liver failure, myocardial infarction, intes-
tinal ischemia and disseminated intravascular clot-
ting (Bouchama and Knochel 2002).

23.5 LOCAL EFFECTS OF A HOT CLIMATE

23.5.1 Sunburn

Sunburn is caused by ultra-violet radiation, mainly
by the shorter wave UV-B, 290–320 nm (Diffey
1991). It is an acute inflammatory reaction after
excessive exposure to the sun. The reason that
many patients are taken unawares by sunburn is
that, by the time the skin reddens, the damage has
been done and the burn will develop over the next
few hours. There is great variation in susceptibility
to sunburn depending upon the type of skin the
individual has, mainly the degree of pigmentation.
Blond, blue-eyed subjects or red heads are many
times more susceptible than well-pigmented black
individuals. The former can burn after as little as
15 min in the tropical midday sun. Acquiring a tan
provides some protection from sunburn but it only
increases tolerance by a factor of 2 or 3. More
important in light-skinned people is the thicken-
ing of the statum corneum of skin by sunlight
exposure (Diffey 1991). Both tanning and thicken-
ing regress over a month or so of no exposure.
Factors that influence the radiation load include:

● The height of the sun, time of day (75% of
radiation arrives between 9 a.m. and 3 p.m.)
(Diffey 1991).

● The latitude and time of year.
● Cloud cover or haze, athough this can be

deceptive since ultra-violet radiation is filtered
less by cloud than is visible light so one can
become sunburnt under light cloud cover.

● Type of terrain, which determines the reflected
solar load. Snow and ice, for instance, reflect
80% of the radiation compared with 20% 
from sand.

● Altitude. Roughly there is a 6% increase in
radiation for every 1000m gain in altitude
(Diffey 1991).

CLINICAL PICTURE

In the setting of recent exposure to the sun, an ery-
thema develops after 2–6 h and reaches a maxi-
mum at 12–24 h. There is a burning pain in the
affected part, possibly fever, malaise and even nau-
sea and vomiting in severe cases. The skin may go
on to blister formation. The condition resolves in
4–7 days usually with peeling.

The possibility of photosensitizing drugs needs
to be borne in mind. Drugs can cause either photo-
allergic dermatitis or just an increase in sensitivity to
sunburn. There is a long list of drugs that have been
reported as causing photosensitivity but the ones
most likely to be encountered in the mountain or
wilderness settings are probably the tetracyclines,
especially demeclocycline and doxycycline (travelers
may be on this for malaria prophylaxis); quinine, top-
ical nonsteroidal anti-inflammatory drugs (NSAIDs),
diuretics such as bendroflurazide, oral hypoglycemic
agents and antidepressants. Sulfonamides can cause
photosensitivity but are rarely used now apart from
acetazolamide. Photosensitivity is listed as a rare side
effect of this drug.

TREATMENT

Most cases do not require any active treatment.
Simple pain relief (paracetamol or NSAIDs) can 
be given. There has been debate about the efficacy
of topical steroids in relieving the pain and inflam-
mation of sunburn but a recent controlled trial has
shown two commonly used ointments to be effec-
tive (Duteil et al. 2002). So it would seem reason-
able to use a topical steroid in cases of significant
sunburn.

More severe cases may require rehydration and
salt replacement and may indeed have heat exhaus-
tion as well (see section 23.4.2). If blistering is
extensive the danger of secondary infection needs
to be considered.

PREVENTION

Prevention is achieved by avoiding excessive solar
radiation. The danger is particularly during midday.
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Travelers should either keep out of the sun or cover
up with clothes, hats etc. or apply adequate sun-
screens to exposed skin areas. The latter should be
of sufficient ‘factor’ e.g. 30, and applied liberally. If
swimming, the screen should be waterproof.

LATE EFFECTS

The late effects of sunburn should not be ignored.
They include an increased risk of developing skin
cancers, including melanomas.

23.5.2 Snow blindness 
(photophthalmia)

Snow blindness is an inflammation of the cornea
and conjunctiva due to ultra-violet light of wave-
length 200–400 nm. At altitude this makes up
5–6% of solar radiation, compared with 1–2% at
sea level. Snow reflects 80% of light waves and the
eyes are particularly vulnerable.

ACUTE

Within a few hours the epithelial cells of the cornea
die. There is loss of surface adhesion and the cells
are brushed off the cornea by the mechanical act of
blinking. The corneal nerve endings are then
exposed. Within about 4 h, symptoms are felt that
range from a feeling of ‘grit in the eye’ to excruciat-
ing pain and sensitivity to light. The slightest eye
movement causes spasm of the eyelids, pupillary
vasoconstriction, eye pain and headache. There is
conjunctival inflammation, the eyelids are swollen
and the secretion of tears profuse. The condition
lasts 6–8 h and disappears in 48 h.

Treatment includes cold compresses, hydrocor-
tisone eye ointment, an eye patch to exclude light,
and the avoidance of light. The pupils should be
dilated with atropine and an ocular antibiotic used
in case corneal ulceration occurs. Analgesics may
be necessary.

CHRONIC

Chronic snow blindness occurs in those inhabi-
tants of mountainous and snowy regions over a
long period. Visual disturbances, with sensitivity to

light and chronic conjunctival inflammation, are
reported.

PREVENTION

Inhabitants of mountainous and Arctic regions
have used primitive prevention methods for cen-
turies. These include yak wool and hair pulled for-
ward over the eyes, slits in wood, or cardboard
strapped to the head. The Inuit of northern Canada
have used goggles made from bone as shown 
in Fig. 23.1.

Glasses or goggles with lenses that cut out radia-
tion of wavelength 250–400 nm are normally used
for protection. The quality of the lens is important,
and it can be made of plastic or glass. The main
advantage of plastic is that it is lightweight and
unbreakable, but it does not filter out all the ultra-
violet light; glass is heavier, but filters out most of
the ultra-violet light. Ideally, the external surface is
mirror finished to reflect light, and the internal sur-
face should not reflect light onto the cornea. Frames
should have side and nasal shields for protection
against sun, and a safety cord may attached. A spare
pair of glasses or goggles should always be carried.
Goggles should have adequate ventilation to stop
them steaming up (Lomax et al. 1991, Petetin 1991).

23.5.3 Prickly heat (miliaria rubra)

Prickly heat is a condition in which the sweat glands
become blocked due to a hot humid climate.
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Figure 23.1 Traditional Inuit goggles made from bone
used to prevent snow blindness.



Clinically the sufferer has an acute papulo-visicular
eruption, usually on the trunk and in the skin flex-
ures, groin, axilla, under pendulous breasts etc.
There is a prickling sensation, hence the name,
there may be itching and the patient feels the need
to scratch. This may lead to secondary infection. It
especially affects children, though all ages and both
sexes can be susceptible.

Treatment is palliative since the condition is even-
tually self-limiting. Calamine lotion is traditional
and gives some relief. Frequent cool showers if avail-
able are helpful, loose cotton clothes are advised.

23.6 COLD: INTRODUCTION

The situations where cold may become a serious
problem are either on an adventure holiday,
trekking or expedition in very cold climates or in the
mountains; or when there is an emergency in the
course of a normal journey that results in unex-
pected cold exposure especially if there is injury or
severe illness.

23.7 COLD: THERMAL BALANCE

The same underlying considerations apply as in a
hot environment. The body temperature is deter-
mined by the balance of heat gain and heat loss.
Heat gain is from metabolism especially during
exercise. There may be some gain from solar radia-
tion but probably not much and none from the air.
Heat loss will be by convection, conduction and
radiation. The maintenance of body temperature
in a cold environment depends upon reducing heat
loss by technical means (clothing and footwear)
and physiological mechanisms.

23.8 PHYSIOLOGICAL RESPONSE 
TO COLD

The body responds to cold by vasoconstriction of
the skin, especially in the extremities. This con-
serves heat in the core of the body, the trunk and
brain. The body is prepared, in effect, to sacrifice
the extremities for the sake of preserving the core
of the body. The other response is by shivering

which increases metabolic heat production. In
subjects exposed frequently to cold, cold tolerance
develops to a degree but significant cold acclimati-
zation is difficult to achieve. Modern cold weather
clothing is so efficient that the cold weather adven-
turer can maintain the microclimate near his skin
at a comfortable temperature in almost any weather
condition. However, the effect of wind is consider-
able. Wind chill, as is now well known, has the
cooling effect of a much lower temperature than
still air on exposed skin. Wind also has the effect of
reducing the insulation of clothing by causing
increased exchange of air within and under cloth-
ing layers.

23.9 COLD PATHOLOGY: HYPOTHERMIA

Cold can affect the body either generally to cause
hypothermia or locally to cause local cold injury,
frostbite or trench foot. There are broadly three
settings that produce hypothermia:

● Immersion in cold or freezing water
● ‘Exposure’ on hills or wilderness in cold, wet,

windy weather
● Chronic cold due to insufficient heating

especially elderly people with other illnesses

The onset of hypothermia, in immersion cases,
is in a matter of minutes, in ‘exposure’, in hours
and in the chronic situation in days. Risk factors
include lack of food and exhaustion, which in the
hills, leads to stopping walking and thus losing the
metabolic heat of exercise. Children are at greater
risk because their smaller body to surface area ratio
means they lose heat faster, as are the elderly
because of their lower metabolic rate. Occult
hypothyroidism is a not uncommon added factor
in the elderly. Alcohol is also a risk factor. It has a
vasodilator effect on the peripheral circulation but
more importantly its effect on the brain is to
befuddle the victims so that they make stupid mis-
takes in the cold situation or just collapse, sleep in
the open and drift into hypothermia.

Table 23.1 shows the stages of hypothermia and
the relation of core temperature to neurological
responses, signs and symptoms but it should be
appreciated that there is considerable individual
variation in this relationship.
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23.9.1 Clinical features: mild
hypothermia

Individuals suffering from mild hypothermia com-
plain of feeling cold and lose interest in any activity
except getting warmer. They also develop a nega-
tive attitude towards the aims of the party and, as
cooling continues into moderate hypothermia the
patient becomes uncoordinated, unable to keep up
and then starts to stumble. There may be attacks of
violent shivering.

23.9.2 Severe hypothermia

At core temperatures below 32°C there is altered
mental function and the patient becomes careless
about self-protection from the cold.

Thinking becomes slow, decision making diffi-
cult and often wrong, and memory deteriorates.
There may be a strong desire for sleep and eventu-
ally the will to survive collapses with the individual
becoming progressively unresponsive and lapsing
into coma. Slurred speech and ataxia may suggest 
a stroke. Gastrointestinal mobility may slow or
cease, and gastric dilatation and ileus are common
(Paton 1983).

Individuals show a great range of response to
cold and loss of consciousness may occur with a
core temperature as high as 33°C or as low as 27°C,
depending on the rate of cooling. Consciousness is
usually lost at around 30°C but patients have been
reported to be conscious though confused at lower
temperatures than this (Lloyd 1972, Paton 1983).
As the temperature drops heart rate slows and
breathing becomes slower and shallower. These

may be a physiological response to the reduced
metabolic rate.

Though shivering usually stops as the tempera-
ture drops below 30°C, it has been observed at a
core temperature of 24°C (Alexander 1945). Some
cases have been reported to cool without shivering
(Marcus 1979).

When the temperature drops to below 30°C,
ventricular fibrillation may supervene. Survival
depends on sufficient cardiac function to maintain
output adequate for brain and heart perfusion.
Cardiac function is more relevant to survival than
brain temperature.

The patient with profound hypothermia may be
indistinguishable from one who is dead. The skin is
ice cold to touch and the muscles and joints are
stiff and simulate rigor mortis. Respiration may be
difficult or impossible to register; the peripheral
pulses may be absent and blood pressure unmea-
surable. In profound hypothermia pupils do not
react to light and other reflexes are absent.

The electrocardiogram (ECG) shows a slow
rhythm with multifocal extra systoles, broad com-
plexes and atrial flutter (Jessen and Hagelstein 1978).
There may also be J waves present (Osborne 1953).

Both hemoglobin and white cell count will be
raised because of a shift of fluid from plasma to the
interstitial space. Thrombocytopenia has been
reported (Vella et al. 1988).

Even when there is evidence of a total stoppage
of cardiorespiratory function, survival is possible
(Siebhke et al. 1975). A flat electroencephalogram
(EEG) is not a certain indicator of death in
hypothermia. The only certain diagnostic factor is
failure to recover on re-warming (Golden 1973, Lilja
1983). Before brain death can be diagnosed the core
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Table 23.1 Stages of hypothermia

Core temperature (°C) Responses Signs and symptoms Classification

37 to 35 Normal Cold sensation, shivering Normal
35 to 32 Normal Physical, mental impairment Mild
32 to 28 Attenuated Shivering stops Moderate

Loss of consciousness
�28 Absent Rigid, risk of VF, appears dead Severe

VF, Ventricular fibrillation. Note there is considerable individual variation in the relation of core temperature to signs,
symptoms and neurological responses.



temperature must be normal (NHS 1974); however,
brain death can be the cause of hypothermia.

23.9.3 Management of hypothermia

The management of hypothermia in the field is ‘the
art of the possible’. Hamilton and Paton (1996) car-
ried out a survey and concluded that most rescue
groups attempting to measure temperature did so by
the oral method. A low-reading thermometer was
carried by a majority of teams. For reheating, com-
mercial heating pads were used by most groups. The
incidence of hypothermia was, surprisingly, the same
for summer and winter. Cardiorespiratory resuscita-
tion in the field was started in 76% of cases and the
criteria for starting were the absence of a pulse, car-
diac arrest and the likelihood of rapid evacuation.

MILD HYPOTHERMIA

Individuals should be stopped from walking and
placed in shelter out of the wind, rain or snow. Any
available warm or windproof clothing should be
put on. They should be protected from further
cooling and warmed by any method available.

To avoid further loss by evaporation, wet cloth-
ing should be replaced by dry, but if dry clothing is
not available wet clothing should be wrung out
and put back on. If wet clothing, which has some
insulating value, is left on, it should be covered
with an impermeable material to prevent further
heat loss. As large amounts of heat may be lost
from the head, it should be covered. Warm fluids
should be given, but never alcohol.

A patient with mild hypothermia can recover
with these simple procedures, but recovery will be
hastened if external heat is added (e.g. getting into a
sleeping bag with another person). Central re-warm-
ing methods have been described (Lloyd 1973, Foray
and Salon 1985) using warmed inhaled air which can
be applied in the field with suitable apparatus.

SEVERE HYPOTHERMIA

The management of severe hypothermia in the
field will depend upon the local situation, possibil-
ities for evacuation and access to specialist medical
facilities. Where these are good, as in the mountains

of Europe and North America, patients should be
evacuated as soon as possible with the minimum of
treatment in the field. However, active treatment in
the field has been successful (Fischer et al. 1991).
When bad weather delays evacuation the patient
should be re-warmed slowly and treated as gently as
possible to avoid ventricular fibrillation.

If cardiac arrest occurs in a hypothermic patient
this produces a dilemma for rescuers because it may
be due to some other cause and because the heart
may be beating even if clinically undetectable.
Mechanical irritation of chest compression may
trigger ventricular fibrillation with total loss of car-
diac function. However, a consensus seems to be:

● If breathing is absent, becomes obstructed or
stops, then standard airway management
should be started including mouth-to-mouth
resuscitation.

● Chest compression should be started if no
carotid pulse is detected for 60 s, if the pulse
disappears, or if cardiac arrest occurred within
the last 2 h.

● Resuscitation should be started only if there is
a reasonable expectation that it can be
continued effectively with only brief
interruption until the patient can be brought to
a hospital where full advanced life support is
available (Lloyd 1996). Cardiac resuscitation
has been continued for 6.5 h with ultimate
success (Lexow 1991).

● Misguided attempts at cardiac massage may
precipitate ventricular fibrillation (Mills
1983a). The mortality rate from hypothermia
in the field is of the order of 50% but with
increasing expertise in management this figure
should improve.

● The diagnosis of death in hypothermia should
be made with caution because profound
hypothermia can simulate death. Strictly, the
diagnosis of death can only be made when the
patient fails to revive after the core temperature
has been brought to normal.

23.9.4 Prevention of hypothermia

The prevention of hypothermia in the mountains
is mainly a matter of application of good moun-
taineering principles: good planning, adequate
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equipment and anticipation of possible weather
conditions, accidents etc. Also an appreciation of
the risk of hypothermia in other members of the
party and taking action in time to avert it. Modern
clothing has reduced the risk of hypothermia but it
needs to be used intelligently. The concept of layer-
ing of clothing – inner thermal layers with an outer
breathable, windproof and water resistant shell –
needs to be understood. Common sense and expe-
rience will inform many measures which help to
prevent hypothermia. For instance, clothes should
be removed before over-heating, to avoid sweating
and added before cooling becomes severe. When
resting, get out of the wind somehow and, on a gla-
cier, sit on a pack or rope, not directly on the ice.

23.10 COLD PATHOLOGY: FROSTBITE

Frostbite is caused by freezing of the tissues, usu-
ally skin but in severe cases deeper tissues as well.
The affected parts are usually the fingers, toes, nose
and ear tips. The setting is usually in the moun-
tains, Arctic or Antarctic wilderness and the vic-
tims, mountaineers, skiers or explorers. However,
in northern Canada, Alaska and Siberia victims
can be ordinary residents caught out in the winter.
In some cases alcohol is an added factor in the situ-
ation. Victims of severe injury or illness in the
mountains or wilderness are at particular risk (as
in the case of Patient A, Chapter 22).

23.10.1 Recognition and immediate
management of frostbite

Frostbite often comes on insidiously. Under cold
conditions, fingers and toes often become numb
and this usually does not lead to frostbite. However,
if there is further sufficient cooling the tissues
actually freeze and frostbite is produced without
the victim realizing it. Cold fingers and toes may be
pale but are soft to the touch. The frost-bitten digit
appears waxy white and is hard to the touch; it is in
fact, frozen. The immediate management is to get
the patient to a place of warmth and safety, being
as gentle with the frost-bitten part as possible. It is
important to avoid a sequence of freeze–thaw–
freeze which results in much more damage than
just freeze–thaw.

Having reached a safe base the affected part
should be re-warmed as rapidly as possible. This best
done in a stirred water bath at 40°C. Thereafter clean
dressings and measures to avoid infection are the key
to management until the patient is admitted to hos-
pital, if the damage is any more than superficial.

23.10.2 Secondary management of
frostbite

Full management in hospital is beyond the scope
of this chapter. Two points, only, will be made:

● In severe cases where there is a question of
amputation, management should be
conservative. In frostbite, the early appearance
of blackened skin is worse than the actuality.
The underlying tissue is probably viable. This 
is unlike gangrene from vascular occlusion
where the appearance underestimates the real
extent of trouble. The difference is shown 
in Fig. 23.2.
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Figure 23.2 The difference between gangrene due to
frostbite and due to digital artery occlusion. Upper:
superficial frostbite: gangrene (shaded area) is limited to
the superficial 2–3 mm of tissue. Tissue damage is less
than it appears. Lower: Arterial thrombosis: gangrene
extends through all tissues. Tissue damage is more than
it appears.



● A new grading (Table 23.2) of frostbite has
been proposed by Cauchy et al. (2001). This
has a strong bearing on prognosis and helps
guide the timing and need for amputation.

This classification is based on a series of 70 cases of
severe frostbite seen and treated at the hospital in
Chamonix, France. From the bone scan on day 2 it
is possible to make a prognosis as to the outcome
and decide on the need and extent of amputation.

23.11 COLD PATHOLOGY: NONFREEZING
COLD INJURY

Prolonged exposure of tissue in wet, cold condi-
tions in temperatures below 15°C will result in
nonfreezing cold injury, often with lasting damage
to muscles and nerves.

‘Trench foot’ is the commonest form of this con-
dition and is a significant cause of injury in military
operations when, for combat reasons, long periods
have to be spent with feet in water or in deep snow.
Water both increases and accelerates the risk of
injury, as does any factor that impedes circulation
to the extremities, such as a cramped position,
immobility, tight clothing, tight boots and tight
socks. Mountaineers are at risk when powder snow
gets into their boots by the ankle or is melted by
foot warmth; damp socks will increase cooling.

Exactly the same sequence occurs with the hands
in mittens or gloves made sodden by water or snow.
However, because the hands are easier to inspect and
keep dry and warm, ‘trench hand’ is uncommon.

Nonfreezing cold injury, though initially
reversible, becomes irreversible if cooling is 

prolonged. It often occurs in tissues immediately
proximal to frostbite.

23.11.1 Clinical features

When first seen, the affected part will be pale and
sensation and movement poor. The pulse may be
absent, but freezing has not occurred. If these fea-
tures do not improve on warming, nonfreezing
cold injury is present.

After a few hours the part becomes swollen,
numb, blotchy pink-purple and heavy. After 24–36 h
a vigorous hyperemia develops with a bounding
pulse and burning pain proximally but not distally.
Edema with ‘blood blisters’ appears and, if the skin
is poorly perfused, it will become gangrenous and
slough. At night a pain like an electric shock makes
sleep difficult.

In severe cases there is a progressive reduction in
sensation. The joints become stiff and muscles
cease to function. To maintain balance the legs are
kept apart and the sensation of movement has been
likened to walking on cotton wool (Ungley et al.
1945). Hyperemia appears to be due to vasomotor
paralysis with paleness on elevation and redness
when the part is dependent. This phase may last
from days to weeks, as may changes in sensation.
Persistent anesthesia suggests neurone degenera-
tion with the prospect of long-term symptoms
(Burr 1993).

23.11.2 Prevention and treatment

With modern outdoor clothing and footwear this
condition is seen much less frequently. Nevertheless,
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Table 23.2 Classification scheme for severity of frostbite injuries; after Cauchy et al. 2001

Grade Extent of initial lesion, day 0 Bone scan, day 2 Blisters at day 2 Prognosis at day 2

1 No lesion Unnecessary No blisters No amputation
2 Lesion distal phalanx only Reduced radiotracer Clear blister fluid Tissue excision

uptake
3 Lesion dist., inter. and No radiotracer uptake Hemorrhagic blister Bone amputation 

proximal phalanx on digit fluid of digit
4 Lesion in carpal/tarsal No tracer uptake in Hemorrhagic blisters Bone amputation of

carpal/tarsal carpal/tarsal limb

The initial assessment on arrival in hospital, day 0, is made after rapid re-warming.



it does still occur. In 1988 the incidence in one USA
marine unit of 355 soldiers was 11%. Tobacco
smoking (but not race) was associated with a higher
incidence of trench foot though the difference did
not reach significance (Tek and Mackey 1993). In
situations where it may arise, i.e. prolonged expo-
sure to cold, wet conditions, vigilance is required to
check the condition of the feet frequently.

The patient should be removed from the cold;
whole-body warming should be started (Lahti
1982) and dehydration corrected. Rapid warming
of the part has been advocated but not universally
adopted. Because of pain, analgesics should be

given, the patient rested and the part raised. Blisters
that develop should be left unless infected, when
drainage should be carried out. Sympathectomy
does not appear to be very effective as hyperemia
occurs naturally.

Gangrene may occur later, and this may be more
widespread and affect deeper tissues more exten-
sively than freezing cold injury. Conservative man-
agement should be adopted and surgical procedures
kept to the minimum. In the long term, nonfreezing
cold injury may be more serious than freezing cold
injury because of the unrecognized cooling effect on
deeper and more proximal structures.

Nonfreezing cold injury 335



This page intentionally left blank 



24
Pre-existing medical conditions at altitude

24.1 Introduction 337

24.2 Cardiovascular disorders 338

24.3 Lung disease 340

24.4 Blood disorders 344

24.5 Diabetes mellitus 345

24.6 Gastrointestinal disorders 345

24.7 Orthopedic conditions 346

24.8 ENT conditions and dental problems 346

24.9 Obesity 346

24.10 Neurological problems 346

24.11 Mental outlook 347

SUMMARY

Very little information exists to assist medical prac-
titioners in advising their patients with medical
problems who are traveling to high altitude for
recreation or work. The deficiency in guidelines is
largely secondary to the dearth of clinical studies
which have been carried out to provide assistance to
both physicians and patients. This area of clinical
research is a fertile one for investigators in the future
who should be able to provide physicians with data
from which sound advice and protocols for adven-
turing patients to follow can be drawn.

The purpose of this chapter is to review the
studies on a number of common clinical problems
which adventuresome patients might have and
thus provide advice as best as possible for practi-
tioners to give their patients. It will also be empha-
sized that physicians should advise patients that
they are at greater risk for exacerbation of their
disease or occurrence of related incidents when
they go not only to high altitude but also to places
that are remote from medical care. If physicians 
are better informed, then their patients who decide
to go to high altitude will do so knowing that they
are undertaking the trip with an accepted and
informed risk.

24.1 INTRODUCTION

With more and more people going to altitude for
adventure holidays, expeditions and skiing, doc-
tors are more frequently being asked to counsel
patients on the advisability of their trip. People 
are also continuing these pursuits into later life
(including the authors of this book) and thus are
increasingly likely to be suffering from chronic dis-
eases which may prompt questions as to their fit-
ness for altitude. The lack of good clinical studies
on the effect of sojourning to high altitude in many
human maladies makes this area a fertile arena for
future investigation. An excellent earlier review
(Hackett 2001) will be updated in this chapter.

Apart from the effect of altitude itself, the moun-
tain environment poses other hazards. The great
ranges are situated mostly in under-developed coun-
tries and in wilderness areas where gastro-intestinal
problems are common and medical help uncertain.
Altitude holidays usually involve quite strenuous
exercise and put a strain on the joints, especially
knees, hips and backs. Finally, the different culture
and lifestyle of such a holiday may impose psycho-
logical stresses which may be too much for some
people unused to the difficulties and privations of
such a trip.



There is also the consideration that on an expe-
dition or trek the aphorism, ‘No man is an island’
applies with greater force than in normal urban
life. One member’s illness affects the whole team
and may even imperil the safety of other members;
therefore, it is ethically imperative that if a person
knows he/she has some pre-existing condition
which might affect performance, it should be made
known, at least to the leader or medical officer if
there is one. As a general rule, individuals should
be as fit as possible before they leave for a holiday
at altitude though fitness does not protect against
altitude illnesses but does add an element of safety
as the fitter one is the better one can cope with long
days, arduous rescues, or escapes from impending
bad weather. Every individual on a trek, climb or
expedition owes it to their companions to be as fit,
mentally and physically, as possible to deal with the
unexpected or very strenuous.

Those who have problems with their health
should find out as much as possible about their con-
dition before setting out. They may have to pursue
other sources of information since many primary
care physicians are ill-informed about altitude or for-
eign travel. The action of specific medicines they use
must be understood and an adequate supply taken,
particularly when regular doses are necessary as with
diabetes mellitus or asthma (Rennie and Wilson
1982).

Finally, there is always an element of
increased risk with high altitude travel, especially
in individuals with pre-existing medical condi-
tions, and the advisability of going on such a trip
must be weighed between the traveler and his/her
physician. Most travelers are rather keen to go on
trips no matter what, but each individual must
undertake these adventures with informed and
assumed risk and take full responsibility for the
consequences.

24.2 CARDIOVASCULAR DISORDERS

The initial response upon ascent to high altitude is
mediated by an increase in sympathetic tone which
may bring out the manifestations of occult cardio-
vascular disease. Over the first week, however, heart
rate, blood pressure and myocardial stress return
close to sea-level values as acclimatization proceeds,

oxygen delivery to the tissues is improved and 
sympathetic tone decreases (Chapter 7). Evaluation
of cardiac disease should, therefore, be taken in the
context of this response.

24.2.1 Coronary artery disease

Coronary artery disease is one of the major causes
of death in men and women over 40. If angina of
effort is present at sea level it is likely that ascent to
altitude will increase symptoms especially in the
first few days before acclimatization has occurred. If
exercise is limited by pain and the exercise capacity
reduced, it is likely that symptoms will occur at alti-
tude, and the risk of cardiac irregularities and infarc-
tion may be increased. Clearly, such patients with
unstable or exercise-induced angina should not con-
sider an active holiday at high altitude, and even
non-strenuous trips for business or pleasure should
be avoided. Visits to moderate altitude by asympto-
matic patients with coronary artery disease are prob-
ably safe. Roach et al. (1995) surveyed 97 older people
visiting Vail, Colorado (2500 m): 20% had coronary
artery disease. They reported that no adverse signs or
symptoms occurred. Erdmann et al. (1998) studied a
group of cardiac patients, with impaired left ventricu-
lar function but no residual ischemia, up to an alti-
tude of 2500 m. They were compared with a group
of controls. In both groups exercise capacity was
reduced by altitude, but there were no complica-
tions or sign of ischemia. Elderly subjects, even
those with coronary artery disease, acclimatize well
at altitude (Levine et al. 1997). So it would be pru-
dent for patients with such disease to limit their
activities during the first few days at altitude to
allow time for acclimatization.

Recent data in isolated animal hearts (Xie
2004), intact rats (Asemu et al. 1999, Neckar et al.
2002, Zhu et al. 2006), and humans (Schmid et al.
2006, del Pilar Valle 2006) suggest that exposure to
intermittent hypoxia may be cardio-protective by
minimizing ischemia–reperfusion injury and vul-
nerability to dysrhythmias. The mechanism of these
observations is thought to be secondary to alter-
ations in the potassium and calcium channels
induced by intermittent periods of hypoxic expo-
sures. This area of research provides important
direction for future investigations in heart disease
and high altitude.
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MYOCARDIAL INFARCTION

A recent cardiac infarction is a contraindication to
ascent; but after a mild infarct providing the patient
has been symptom-free for several months, there 
is probably little risk in going to altitude (Halhuber
et al. 1986). The exercise of hill walking at low alti-
tude (470–1220 m) has been shown to be well toler-
ated in patients with a history of myocardial
infarction and stable disease (Huonker et al. 1997).
There was no evidence of coronary insufficiency 
on continuous ECG and echocardiography. Schmid
et al. (2006) exercised patients to exhaustion about a
month after a documented infarction and revascular-
ization both at low and high (3454 m) altitude and
found no adverse events.

Patients with poorly controlled heart failure due
to coronary artery disease should obviously be
advised not to go to high altitude. Those with well-
controlled disease who can manage a high level of
exercise such as hill walking at low altitude may well
be able to cope with the added strain of altitude.
Agostoni et al. (2000) found in patients with con-
trolled congestive heart failure that the limitation
found at altitude was proportional to that degree 
of limitation at low altitude, but no patient was 
limited in their exercise test by cardiac-related 
symptoms.

As an aside, however, it must be remembered
that cold tends to make the platelets stickier and
theoretically could increase the possibility of infarc-
tion. Cold also is thought to predispose to coronary
artery spasm.

CORONARY BYPASS SURGERY AND
ANGIOPLASTY

Patients who have had successful coronary bypass
surgery before any myocardial infarction and have 
a good exercise tolerance can certainly enjoy an 
altitude holiday. One such patient was the subject 
of correspondence in the Journal of the American
Medical Association and a subsequent editorial
(Berner et al. 1988, Rennie 1989). He enjoyed a trek
to 5760 m with no adverse effect. Another was a 
67-year-old climber who enjoyed two Himalayan
expeditions after his operation although on the sec-
ond expedition his altitude ceiling was limited to
4700 m. However, ambulatory monitoring of his
ECG when climbing and asleep at 4700 m did not

show any evidence of ischemia. Patients can be
warned that their condition may limit their perform-
ance and accept that but their fear, and that of their
companions, centers on the risk of sudden death due
to cardiac causes. Clearly, there is a risk that the graft
may block at any time but there is no evidence that
altitude may precipitate this event. The same consid-
erations apply to patients who have had coronary
angioplasty (Schmid et al. 2006).

RISK IN CARDIAC PATIENTS

In the wider context of cardiac disease, Halhuber 
et al. (1985) found in 1273 ‘cardiac patients’ who
ascended to 1500–3000 m a negligible morbidity.
These patients included 434 with coronary artery
disease of whom 141 had had myocardial infarc-
tion. Only one of these had a new infarct at altitude.
Additionally, patients with controlled dysrhythmias
appear to have no increase in events although the
increased sympathetic tone upon acute ascent does
increase myocardial irritability even in normal indi-
viduals (Alexander 1995).

A larger question is that of occult coronary
artery disease especially in those with known risk
factors such as a family or smoking history, obesity,
a sedentary lifestyle, etc. Risk factors which can be
modified obviously should be, although there will
be little benefit in the short term. The patients’
primary care physicians must make a reasonable
assessment of such risk and evaluate the patients
accordingly.

MEDICAL CHECK-UP

Should doctors carry out ‘check-ups’ and tests to
identify any patients at risk? Is altitude a significant
risk factor for sudden cardiac death? Shlim and
Houston (1989) reviewed deaths amongst trekkers
in Nepal. By obtaining the number of trekking per-
mits issued, they were able to give a number for the
denominator as well. Out of 148 000 trekkers in 3.5
years there were eight deaths, none of which were
known to be cardiac in origin although two were of
unknown cause. There were six helicopter evacua-
tions for cardiac reasons out of a total of 111 evac-
uations. Two were men in their late 50s with severe
known cardiac disease; one was a young man with
persistent ectopic beats and three had chest pain
thought eventually to be noncardiac. These reports
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suggest that if altitude is a risk factor for sudden
cardiac death, it is a minor one.

So should a symptomless subject be advised an
exercise ECG test before undertaking an altitude
trip? In view of the apparent low risk and the known
poor sensitivity of the test (50%) the answer should
be ‘No’. Rennie (1989) argues that the predictive
value of such a test might be 0.001%, i.e. it would
identify only one patient with silent disease who
would have a fatal event during a trip, for every
100 000 tests carried out! Further, the specificity of
the test being only 90%, the great majority of posi-
tive tests will be false positives.

So what should the general practitioner do when
asked for advice from someone proposing to go on
an adventure holiday to altitude? He should take a
history including coronary disease risk factors,
advise on these and the advisability of getting fit.
He should check weight and blood pressure. In the
absence of any evidence of disease no further tests
are indicated. He should point out that ‘getting away
from it all’ also involves getting away from easy
access to medical treatment and that people going
on such holidays must take a greater responsibility
for their own health than on a standard package
holiday.

24.2.2 Hypertension

Acute hypoxia has a variable effect on blood pres-
sure in hypertensive subjects but there is a tendency
to elevation both at rest and at exercise at 3460 m
(Savonitto et al. 1992). However, Halhuber et al.
(1985) found that mild hypertensives who ascended
and lived at up to 3000 m had few symptoms and
both systolic and diastolic pressure fell. No cases 
of cerebrovascular accident or cardiac failure were
noted in 593 patients. This improvement was con-
tinued for 4–8 months after returning to lower levels.
Those with well-controlled hypertension may go to
altitude. In two treated hypertensives, a 6-week stay
at altitudes between 3500 and 5000 m produced lit-
tle change in either systolic or diastolic pressure.
Subjects with borderline hypertension may well
have higher pressures on going to altitude but at
present there is no evidence that this means greater
risk of vascular incidents (though no evidence of risk
does not mean evidence of no risk). Ledderhos et al.
(2002) demonstrated an accentuated reno-vascular
response in young men with borderline hypertension

in that eight of 18 subjects showed an anti-diuresis
and symptoms of AMS but no other adverse events.

There is variability in the blood pressure response
in patients with hypertension, and very little system-
atic data are available to predict what individual’s
response will be. Given the large number of patients
who go to altitude for recreation and the known
physiology of an increased sympathetic response in
the first few days, it seems prudent that patients with
difficult to control hypertension should stay on their
low altitude medications and monitor their blood
pressure upon ascent. In collaboration with their
physicians, they should be given guidelines to follow,
and if their pressure is beyond those, then medical
advice should be sought.

24.2.3 Other cardiac conditions

Patients who have had valve replacements should, in
general, not take hard physical exercise. Poor lung
function is more often associated with mitral than
aortic valve replacement. The risks of going to mod-
erate altitude, provided anticoagulants are taken and
hard exercise avoided, are probably acceptable, but
the usual risks of activity and anticoagulation should
be respected.

After repair of a ventricular septal defect, resid-
ual pulmonary hypertension is not uncommon,
and patients who have had a correction of Fallot’s
tetralogy may often have some residual strain on
the right ventricle due to obstruction of the pul-
monary outflow tract. Ascent to altitude in both
will increase pulmonary artery pressure and may
put the individual at risk of HAPE.

Following operation for coarctation of the aorta
some residual cerebral hypertension may be pres-
ent and in theory cerebral edema may be more
common. Providing cardiac pressures are normal,
the ascent to altitude following repair of patent
ductus arteriosus and atrial septal defect is proba-
bly acceptable.

24.3 LUNG DISEASE

As the first defense between the body and high alti-
tude, the lung has potentially many interactions
which may be worsened by sojourns to high alti-
tude (Hackett 2001, Cogo et al. 2004). Appropriate
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advice to patients who wish to travel to high alti-
tude relies on a careful evaluation of the type of
lung disease, its severity, the patient’s itinerary, and
co-morbid conditions which may make venturing
more hazardous.

24.3.1 Asthma

Asthma sufferers are often young and active, so the
question of the advisability of an asthmatic indi-
vidual undertaking an altitude trip is a common
one. An attack of asthma may be provoked by cold
air and exercise (Kaminsky et al. 1995), but in fact
many asthmatic patients have less trouble at altitude
than at home, possibly because the freedom from
inhaled allergens is of greater importance than the
effect of hyperventilation in cold air (Simon et al.
1994, Boner et al. 1995). Of interest are the observa-
tions that various levels of hypoxic exposure actually
decrease methacholine reactivity (Denjean et al.
1988, Dagg et al. 1997) although these findings are
not universal (Saito et al. 1999). On the other hand,
the resultant hypocapnia from the hyperventilation
at high altitude may increase airway resistance to an
important clinical degree (Newhouse et al. 1964, van
den Elshout et al. 1991). Thus, there are many con-
founding factors which make the effect of ascent to
high altitude on airway reactivity difficult to predict.

It has been known for a long time that the house-
dust mite is a pesky provocateur of asthma, and the
lower level of dust mites at high altitude may result
in improved symptoms of asthma, particularly in
children living there (Grootendorst et al. 2001).
Decreased eosinophil counts, decreased peripheral
T-lymphocyte activation and house-dust mite 
specific IgE (Boner et al. 1993, Peroni et al. 1994,
Simon et al. 1994) may be involved in the mecha-
nism of this improvement. Also, the increased sym-
pathetic and adreno-cortical activity will counter the
broncho-constriction of asthma in the first few days
at altitude. In fact, some recommend treatment of
steroid-dependent asthma with sojourns at high
altitude (Allegra et al. 1995, Karagiannidis et al.
2006, Schultze-Werninghaus 2006). Some investiga-
tors suggest that avoidance of allergens at high alti-
tude is essential to the management of more severe
asthmatics (van Velzen et al. 1997, Grootendorst 
et al. 2001).

In one study (Louie and Pare 2004), asthmat-
ics, trekking in the Himalaya, demonstrated a 

76 � 23 L min�1 decrease in peak flow measure-
ments while Cogo et al. (1997) showed a decrease in
bronchial responsivity to methacholine and hyper-
tonic saline in known asthmatics ascending from
low to high altitude. These results are similar to
those of Allegra et al. (1995).

Heavy exercise at high altitude can elicit a
decrease in airflow even in those athletes who are not
aware of their airway reactivity (Durand et al. 2005),
and simple measurements of peak flow may be an
easy way to monitor patients (Valletta et al. 1997).
The airway hyper-reactivity found with exercise in
athletes at high altitude may be blocked in part by
nifedipine (Henderson et al. 1983), acetazolamide
(O’Donnell et al. 1992), and cromolyn sodium
(Juniper et al. 1986).

RECOMMENDATIONS

Consulting physicians must advise their patients
carefully. Mild to moderate asthmatics should be
advised to go to high altitude with all the caveats of
increased risk, location, logistics and availability of
healthcare stressed. The importance of taking a suf-
ficient supply of medication, using it regularly, and
the risk of an asthma attack in a remote environ-
ment are all important points that the patient must
understand. The patient must have a ample supply 
of bronchodilators and steroids and be instructed 
on how to use them properly to prevent or abort 
an attack of asthma. The patient must understand
his/her signs and symptoms, such that he/she can
begin or intensify therapy and get down if symptoms
worsen. Patients with severe asthma must be warned
carefully about being in a high altitude environment
where they cannot receive medical care since their
margin of safety is much less than the mild to mod-
erate asthmatics. There is no evidence that asthmat-
ics are at greater risk of acute mountain sickness
than non-asthmatics though it must be presumed
that poorly controlled patients must be at some 
risk, and acetazolamide prevents acute mountain
sickness in asthmatic patients (Mirrakhimov et al.
1993).

24.3.2 Chronic obstructive lung disease

Chronic bronchitis and emphysema (COPD), pri-
marily in patients from sea level ascending to high
altitude, will be discussed in this section. Depending
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on the severity of the obstructive disease in these
patients, all the stresses of high altitude with its
increased ventilatory demand and stimulation of
hypoxic pulmonary vascular response may be accen-
tuated by their impairment of gas exchange and
decreased respiratory muscle strength. Consequently,
ventilatory capacity is reduced and oxygen uptake
impaired. If patients are short of breath on exercise at
sea level, they will certainly be worse at altitude. Even
mild cases will find their performance markedly
diminished at altitude.

The physician of patients with COPD must try to
make a reasonable estimate of what effect an ascent
to high altitude will have on his/her patient which
should be based on the severity of the patient’s dis-
ease in terms of gas exchange and ventilatory
reserve, the altitude and location where the patient
is going, access to medical care, and urgency of the
trip. Very few studies have been done to help the
practitioner design specific guidelines. Graham and
Houston (1978) took eight patients with severe
COPD (FEV1 of 1.27 L) to the modest altitude of
1920 m and documented a drop in Pa,O2 at sea level
from 66 mmHg to 54 mmHg with no adverse clinical
events.Ascent to modestly higher altitudes, both sim-
ulated and actual (�2348 m), in similarly impaired
patients with COPD can result in marked hypox-
emia with Pa,O2 below 50 mm Hg at rest (Dillard et
al. 1989, Christensen et al. 2000, Berg et al. 1992,
Secombe et al. 2004) and exercise.

Short-term exposure to these altitudes in patients
with mild to moderate COPD is probably safe, but
the clinician must assess the severity of the disease,
the potential downsides to the period of accentuated
hypoxemia, and the duration of the sojourn. The
advisability of supplemental oxygen at rest, exercise,
and sleep must be determined since low-flow oxygen
should take patients out of the danger zone, i.e. Pa,O2

greater than approx. 60 mmHg or Sa,O2 greater than
approx. 88%, values based on physiology and the
guidelines for patients with hypoxemic lung or heart
disease at low altitude (Standards for the diagnosis
and care of patients with COPD 1995).

Prediction of patients who would fall below
these values can be determined on sound clinical
evaluation or precise testing in the laboratory
(Gong et al. 1984, Dillard et al. 1991, 1993, 1998,
2005). For air-flight or travel to moderate altitude
in patients with Sa,O2 � 93% at low altitude with
moderate to severe COPD, empiric low-flow oxygen

is probably adequately prescribed without formal
testing, but an arterial blood gas would be impor-
tant to draw to insure that the patients are not CO2

retainers since those patients usually have enough
respiratory mechanical limitation such that they
cannot invoke an increase in ventilation and thus
are in danger at high altitude in spite of the mod-
estly decreased air density encountered there. The
physician should advise these patients not to go to
altitude.

Another consideration concerns patients with
bullous disease who upon ascent theoretically could
experience expansion of the bullous and thus pre-
disposition to pneumothorax. Since even with rapid
ascent there is equilibration of atmospheric pressure
across tissue planes, this risk is more theoretic than
real. Small clinical studies in which patients with
bullous lung disease were taken to moderate altitude
(up to 5488 m) did not find a clinically significant
incidence of bullous expansion and no cases of
pneumothorax (Yanda and Herschensohn 1964,
Tomashefski et al. 1966).

RECOMMENDATIONS

Clinicians must make an over-all assessment of their
patients, both from the aspect the severity of their
pulmonary disease and co-morbid conditions. Only
then can the risk–benefit balance be determined.
A careful history about anticipated altitude of the
trip, duration of sojourn, and availability of medical
care are all important factors. From a pulmonary
standpoint, adults with FEV1 �1.5 L should be more
formally evaluated to determine whether they need
supplemental oxygen. Arterial blood gases are impor-
tant to determine their gas exchange impairment as
well as the presence or not of CO2 retention. Since
testing of patients in a simulated hypoxic environ-
ment is impractical, Dillard et al. (1989) suggest an
equation to determine if the Pa,O2 would become
�55 mmHg during airflight. The predicted Pa,O2 at
altitude is

Of course, this equation is only good for the altitude
of the cabin of a commercial flight (� 2400 m), and
if the patient anticipates higher altitudes, one must

( , )0.519 a at sea level

(11.85 FEV ) 1.761

�

� � �
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remember that the Sa,O2 will fall more rapidly the
higher one goes as one falls onto the steeper portion
of the oxygen–hemoglobin dissociation curve.
Medications must be optimized. Treatment of upper
and lower respiratory infections must be anticipated
and treated. Access to medical care in the area of
travel should be investigated, and assumed risk by
the patient must be understood.

24.3.3 Interstitial lung disease

This section will deal with a number of diseases
which affect function at altitude. Examples of these
conditions include interstitial pulmonary fibrosis,
sarcoidosis, cystic fibrosis, silicosis and many more.
These conditions affect both gas exchange and lung
mechanics in a way that exposure to high altitude
may strongly influence both physiology and func-
tion in an adverse way. Gas exchange is characterized
by a widened (A–a)PO2 which only widens more with
exposure to hypoxia, so in the same way as patients
with COPD these individuals must be evaluated to
ascertain whether exposure to high altitude is going
to result in a degree of hypoxemia that is dangerous.
Furthermore, these patients have reduced lung 
compliance and at high altitude increased ventilatory
demand. With a lower tidal volume and a higher 
respiratory rate pattern of breathing, the work of
breathing is higher, and a high level of dyspnea is
incurred. Thus, activity and function are impaired.

More and more patients with cystic fibrosis live
into adulthood and try to live a more normal life
which might include recreation at high altitude.
These patients have problems of both airway
obstruction and gas exchange. Several studies found
that Pa,O2 fell to a precarious level with acute expo-
sure to modest altitude (2000–3000 m) which was
worsened by exercise (Rose et al. 2000, Ryujin et al.
2001, Thews et al. 2004, Fischer et al. 2005). One
paper describes two cases where an altitude holiday
appeared to tip the patients into cor pulmonale
(Speechley-Dick et al. 1992). Cystic fibrosis patients
with stable disease who are proposing to go to alti-
tude or indeed to fly in commercial aircraft can be
tested in the laboratory by breathing a hypoxic gas
mixture (15% oxygen in nitrogen) for 10 min. The
arterial oxygen saturation measured by a pulse
oximeter gives a good indication of how they will
fare at altitude (Oades et al. 1994).

One must also consider the clinical course in cys-
tic fibrosis of unpredictable recurrent infections
which at altitude may be even more precarious than
usual. Thus, advising patients with cystic fibrosis can
be quite a gamble, and it is probably prudent for
patients with all but mild disease to forgo a high 
altitude venture.

24.3.4 Pulmonary vascular disease

The hypoxia of high altitude accentuates any form of
pre-existing pulmonary vascular disease, whether it
be primary pulmonary hypertension (PPH) or pul-
monary thrombo-embolic disease PTE). As detailed
in Chapter 19, individuals who may have normal or
slightly elevated resting pulmonary artery pressure
(PAP) at low altitude but accentuated PAP with exer-
cise or ascent to high altitude are predisposed to the
development of HAPE. Furthermore, individuals
with congenital absence of one pulmonary artery
have been reported to be predisposed to the develop-
ment of HAPE. These findings emphasize the delicate
balance of high pressures in the pulmonary vascula-
ture and the fragile blood-gas barrier of the alveolar–
capillary interface.

There have been no studies of patients with PPH
ascending to altitude. Anecdotal experience tells us
that these patients do not do well at even modest alti-
tudes. In fact, sometimes early in the disease when
patients may be asymptomatic at low altitude, they
may present after a sojourn to modest altitude with
symptoms of dyspnea with little or light exercise.
For some reason probably related to parenchymal
mechanoreceptors, an increase in PAP with exposure
to altitude results in marked dyspnea even before the
accentuated hypoxemia becomes a factor. Most
patients do, however, have hypoxemia eventually at
low altitude which can be markedly worse at moder-
ate altitude. Thus, the acute and chronic manifesta-
tions of severe PHT leads to remodeling of the
pulmonary vasculature, fixed PHT, right-heart fail-
ure and cor pulmonale. The prognosis for PPH is
poor to begin with such that forays to high altitude
should be strongly discouraged.

The pre-existence of thrombo-embolic disease
(PTE) presents a difficult clinical dilemma. Although
there have been cases of PTE at high altitude who have
had pro-thrombotic conditions (Boulos et al. 1999,
Folsom et al. 2002), there is little consistent evidence
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that travel to high altitude predisposes people to
hypercoagulability or PTE. Only Anand et al. (2001)
who studied over 20 000 patients found that 44 with
venous and two with arterial embolism were from
high altitude while seventeen were from low altitude,
but these patients were high altitude residents and
thus not applicable to short-term exposure.

It seems reasonable to evaluate patients with pre-
existing TE disease and PTE carefully. Those with
uncomplicated TE or PTE events with no known
predisposing conditions should have no contraindi-
cations from going to high altitude for recreation.
Following guidelines of continuing their anticoagu-
lant therapy, if still indicated, and staying well
hydrated and active seems reasonable. Those with
ongoing TE disease should be conservative in their
approach to travel to high altitude. Patients with
chronic TE and PTE with or without PHT should
avoid exposure to high altitude.

24.3.5 Diseases of ventilatory 
control and ventilation

The physiology of ventilation should lead to com-
mon sense evaluation of patients with abnormalities
in the control of ventilation, awake and asleep.
The most common clinical abnormality of respira-
tory control is obesity–hypoventilation syndrome.
Although no studies have been done in this popula-
tion at high altitude, obesity is associated with a
higher incidence of AMS, compared to non-obese
individuals (Ri-Li et al. 2003), but while the underly-
ing mechanism remains unstudied, the presumed
cause should be more accentuated hypoxemia from
hypoventilation. At low altitude, these patients often
evolve into patients with pulmonary hypertension
and cor pulmonale (Alpert 2001, Kessler 2001), and
thus it is reasonable to surmise that these conditions
would only worsen at high altitude, acutely and espe-
cially chronically. Furthermore, obese patients living
at moderate altitude have a high prevalence of PHT
(Lupi-Herrera et al. 1980) and systemic hypertension
(Valencia-Flores 2004). It is, therefore, prudent to
advise these patients whose condition has not been
helped with intervention with respiratory stimulants,
such as progesterone or acetazolamide, not to go to
high altitude in order to avoid the complications of
right-heart deterioration.

Patients with obstructive (OSA) and central
(CSA) sleep apnea usually have profound oxygen

desaturation during the hypopneic and apneic
phases of their respiratory cycle during sleep. Their
response to going to high altitude is unpredictable.
This author (R.B.S.) by observation and Burgess 
et al. (2004) has actually observed a decrease in
apneic index during sleep in patients with OSA
ascending to high altitude. It was thought that the
hypoxic stimulus from high altitude actually stimu-
lated respiration in a way that minimized the upper
airway relaxation and/or stimulated respiratory
drive in a way that overcame the conditions leading
to obstruction. On the other hand, in a small field
study Netzer and Strohl (1999) found an increase in
obstructive apneas and hypopneas in people ascend-
ing to 4200 m on Aconcaqua.

Patients with known OSA who insist on going
to high altitude should continue their use of nasal
CPAP and perhaps with supplemental oxygen if
oxygen desaturation persists in spite of the resolu-
tion of the apneas.

24.4 BLOOD DISORDERS

24.4.1 Anemia

The cause of anemias should be diagnosed and
treated prior to ascent. The impaired oxygen-
carrying capacity from the anemia could lead to
poorer performance and if severe enough, high-
output heart failure. Pre-menopausal women may
have inadequate iron stores (Richalet et al. 1993)
and might benefit from iron therapy before or dur-
ing an excursion to altitude when the erythropoi-
etic stimulus is greatest.

24.4.2 Patients on anti-coagulants

Patients with recurrent clotting or bleeding prob-
lems may be taking unnecessary risks, whilst for
those on anti-coagulants, if well controlled, there 
is no increased risk from altitude per se other than
the fact that their being remote from medical help
will be a risk.

24.4.3 Sickle cell trait

Hypoxia and sickle cell disease are not a good combi-
nation (Green et al. 1971), and even aeroplane flights
in pressurized cabins or driving over mountain
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passes as low as 2500 m can induce a vaso-occlusive
crisis and may be the first hint of underlying disease
(Mahoney and Githens 1979). Reports in the litera-
ture indicate that there is a 20–30% risk that altitude
travel over 2000 m may precipitate a crisis in patients
with either homozygous sickle cell disease (Hb SS),
sickle cell/hemoglobin C disease (Hb SC) or sickle
cell trait (Hb AS) (Adzaku et al. 1993). These crises
are either vaso-occlusive (mainly in Hb SS patients)
or abdominal, splenic infarcts (mainly in Hb SC
patients). Thus, sickle cell trait or disease should be
considered in patients presenting with abdominal
pain, and patients with known disease should be
advised to venture to high altitude with care.

24.5 DIABETES MELLITUS

Glucose tolerance is normal at altitude when energy
expenditure and food intake balance one another.
Exercise at altitude may improve sugar uptake; and
for well-controlled diabetics, there appears to be no
contra-indication to mountaineering.

Those taking insulin should appreciate not 
only the considerable energy output that may be
demanded over a few days, up to 25 MJ day�1

(6000 kcal day�1) or more, but also the variation
from day to day and within the day. During severe
exercise they may need less insulin than on rest days
because of increased glucose uptake by muscle
metabolism. During rest days at altitude, insulin
requirement will be similar to that at sea level.
Because of these great variations diabetics should be
encouraged to use quick acting insulin, have three to
four injections each day, with monitoring of their
blood sugar. Ready access to glucose in the form of
sugar or chocolate is necessary and for emergencies
i.v. glucose should be available, as hypoglycemia can
be produced very rapidly by severe activity.

As insulin freezes at 0°C it should be kept warm
close to the body. Frozen insulin may be thawed
out without loss of potency, but care should be
taken to prevent breakage and spare ampoules 
carried. Accidents to diabetics may be complicated 
by diabetic coma. Thus, the companions of dia-
betic trekkers or mountaineers should be carefully
instructed in the problems that diabetics face,
should be able to recognize hypoglycemia and 
diabetic coma and know what to do in emergen-
cies. Hypothermia can produce hypoglycemia, and

exhausted diabetic mountaineers are at considerable
risk. Extra easily assimilated carbohydrates must be
taken for bivouacs. Clearly, insulin-dependent dia-
betes does present the patients, their companions
and trip leaders with problems. Many will consider
the risks of serious mountaineering at altitude to 
be unjustifiable. However, many diabetics on well
controlled insulin treatment have made successful,
rather more modest trips to altitude. It is essential
to discuss the situation with the expedition/trek
leader and doctor (if there is one) at an early stage
in planning.

24.6 GASTROINTESTINAL DISORDERS

Intestinal colic and diarrhea are frequently encoun-
tered in mountainous areas, but altitude per se is not
a factor. Simple traveler’s diarrhea can be treated by
Imodium® unless there is evidence of parasitic infec-
tion when specific medicine should be given.

The incidence of peptic ulcer appears to be less at
altitude (Singh et al. 1977). However, patients with
known peptic ulcer should be well controlled prior
to the expedition as complications in the field can be
fatal. Drugs taken because of joint problems, non-
steroidal anti-inflammatory agents, or aspirin for
headache, may cause gastric hemorrhage which
should be considered as a cause of unexpected weak-
ness. These drugs should not be taken on an empty
stomach.

Those with inflammatory disorders of the bowel,
such as Crohn’s disease or ulcerative colitis in an
active phase, should not go on expeditions. An expe-
dition, which lasts weeks or months, should be
considered very carefully for an individual in the
quiescent phase and medication and diet planned to
ensure that the condition gets no worse. Adequate
treatment for an acute exacerbation must be avail-
able and evacuation should be easy.

Hemorrhoids, perianal hematoma and fissure-
in-ano are often considered trivial conditions except
by sufferers. They are not, and pre-expedition treat-
ment must be undertaken. On an expedition a pro-
lapsed pile should be replaced as soon as possible.
Peri-anal hematoma is classically a self-limiting
condition lasting 5 days before resolution. The clot,
however, may be evacuated under local anesthetic.
Acute fissure-in-ano may be exquisitely painful.
Anesthetic ointment should always be available,
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and if necessary, under local anesthetic, a fissuro-
tomy may be carried out. Any recurrent perineal or
ischiorectal abscess must be dealt with prior to an
expedition, as must fistulae and pruritus ani.
Abscesses can be drained in the field. Even when an
adequate anesthetic is available this is painful post-
operatively.

Patients with hernias must have these repaired
prior to an expedition. Any hernia occurring in the
field should be reduced and kept reduced by a home-
made truss. Irreducible and strangulated hernias can
and have been operated on under local anesthetic,
and the simplest operation consistent with the oper-
ator’s skill and the patient’s condition should be car-
ried out.

Patients with recurrent appendicitis should con-
sider an appendicectomy prior to an expedition. In
the past, prophylactic appendicectomy has been
advised before very long periods away from good
medical cover, but this is not necessary. If appendici-
tis occurs during an expedition, it should be treated
conservatively with antibiotics, i.v. fluids and noth-
ing by mouth. Often it resolves, but if an abscess or
appendix mass forms this may resolve or it will point
on the abdominal wall or rectum and can be drained.
Ruptured appendicitis and peritonitis should be
drained under local anesthetic.

24.7 ORTHOPEDIC CONDITIONS

Those with arthritis, particularly of the joints of the
lower limb should carefully consider the degree and
amount of exercise that has to be taken on a moun-
tain trek. Nonsteroidal anti-inflammatory drugs can
be very beneficial and should be started early rather
than being heroic about the pain. Treatment of
painful joints particularly of the hip whether by
replacement prosthesis, arthrodesis or some other
method may make a short trek possible. One mem-
ber of the successful Everest 1953 expedition who
climbed to 8500 m had a fixed, flexed elbow, the
result of an accident as a child.

24.8 ENT CONDITIONS AND 
DENTAL PROBLEMS

Nasal polyps or a deflected nasal septum which
interferes with breathing should be treated prior to

ascent. Patients with perennial rhinitis and sinusitis
should ensure supplies of their usual medication.

Dental problems theoretically are not made
worse by altitude, but anecdotally dental abscesses
seem to be quite common. Anyone planning a hol-
iday or expedition out of range of dental help on
the mountains or anywhere else, is well advised to
have a through dental check-up and any suspect
teeth dealt with before setting out.

24.9 OBESITY

Obesity has been reported as being a risk factor for
acute mountain sickness (Chapter 18) and the
overweight will have an increased oxygen uptake
for a given task. At night obese individuals may
suffer from a greater fall in arterial PO2 as the
weight of the abdomen interferes with normal lung
expansion. The repeated episodes of hypoxemia lead
to increased pulmonary hypertension. In addition,
they are more likely to have sleep disorders with, in
particular, obstructive sleep apnea during which the
arterial PO2 can fall precipitously. In residents at alti-
tude this may cause an undue increase in red blood
cells and may be implicated as a cause of chronic
mountain sickness (Chapter 21).

24.10 NEUROLOGICAL PROBLEMS

24.10.1 Headache

Headaches are common on ascent to altitude,
probably because of mild cerebral edema. These
are features of acute mountain sickness and resolve
spontaneously in a few days. There is anecdotal
evidence that altitude tends to trigger migraine
attacks which can be severe. One sufferer had an
attack of transient nominal aphasia at 5500 m. A
history of migraine is a risk factor for acute moun-
tain sickness (Chapter 18).

24.10.2 Epilepsy

There is no evidence that epileptics are worse off or
that seizures are more frequent at altitude; however,
the consequences of an epileptic attack need to be
considered both on the affected individual and his
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companions. Understanding this, it is probably rea-
sonable for patients with well-controlled epilepsy,
who have not had a seizure for 6 months, to go on a
trek but not to rock or ice climb. Some anti-epileptic
preparations may affect breathing adversely dur-
ing sleep, whilst others in high doses may affect
coordination.

24.10.3 Sleep

Nightmares and vivid dreams are not unusual at
altitude, and sleep may be very disturbed. Those
who take drugs at sea level to induce sleep should
remember that these often depress respiration and
can lead to severe transient hypoxia. In any event,
sleep at altitude is usually lighter and often less
refreshing than at sea level (Chapter 13).

24.11 MENTAL OUTLOOK

Mountaineering is a potentially dangerous sport
with an appreciable mortality. It requires time and
patience to master all the skills necessary to move
safely in mountain country, which is no place for the
danger-mystic with or without religious overtones.

Mental agility, emotional stability, and patience
are important, and the gregarious extrovert who 
can only be effective with constant activity and an
impressionable audience is not so likely to function
effectively as the more self-sufficient. Those who are
obliged to live harmoniously in close proximity for
long periods should be stable, loyal and have both a
social and intellectual tolerance for their compan-
ions. Above all, a sense of humor and the ability to
control and sublimate hostile and aggressive impulses
are of great importance.

Considerable attention has been paid to the possi-
ble effects of emotional deprivation with reference to
sexual abstinence, in isolated male communities.
Most agree that sexual deprivation is usually of minor
significance and, as a subject of conversation, ranks

rather lower than food, drink or the task in hand. At
high altitude reduction in libido has been reported
in some lowlanders. High altitude residents do not
appear to be affected. Instructions on the frequency
of sexual intercourse are included in a work on tra-
ditional Tibetan medicine:

During winter one can indulge in intercourse
twice or thrice daily, since sperm increases in
winter. In the autumn and spring there must
be an interval of two days, and during the
summer an interval of 15 days. Excessive inter-
course affects the five sense organs. (Rinpoche
1973)

Elderly, enfeebled Tibetans drank the urine of young
boys to increase their sexual vigor (MacDonald
1929).

For the majority of people, venturing into the
high mountains is a wonderful experience even if,
at times, the conditions are harsh and uncomfort-
able. Most have graduated via family trips into the
hills, short camping trips near home, hill walking,
etc. But some suddenly get the idea that they want
to make some big trek or expedition with no previ-
ous experience and have quite unrealistic ideas of
their own performance. Sometimes all works out
well, and they adapt to what is a very different 
life-style with no problem, but others are clearly
psychologically quite unsuited to it and become
psychiatric casualties, to the distress of themselves
and their companions.

Another element, which is important to empha-
size, is risk. As mentioned above, venturing into
any high altitude environment involves increased
risk. The team and the individual must be self-
sufficient and not depend on outside help to rescue
them. No one is really responsible for their welfare
but themselves. Team members on a trek, a climb
or an expedition must accept the individual and
collective risk and responsibility. Doing so as a
team reduces the individual risk, as sharing in the
‘fellowship of the rope’ is one of the finest experi-
ences of the mountain life.
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SUMMARY

Women respond to altitude in very much the same
way as men. They acclimatize in a similar way and are
as likely to get acute mountain sickness (AMS). Their
exercise performance is similarly affected by altitude.
Recent studies into the effect of the menstrual cycle
have failed to find significant differences in perform-
ance or susceptibility to AMS in different phases of
the cycle. Women seem to have an advantage over
men in that they lose less weight at altitude probably
because they suffer less loss of appetite. The risk of
altitude in pregnancy is not known, but in the present
state of knowledge women in the early stages of preg-
nancy are advised not to go beyond moderate alti-
tudes. This is because of the possible risk of hypoxia
on organogenesis in the fetus and likely discomfort
for the mother in later pregnancy. Oral contracep-
tives (the pill) are widely used for both contraception
and for menstrual regulation by women at altitude.
Although there is the theoretical risk that altitude and
increased hematocrit may lead to thrombosis, there is
no direct evidence that this is the case.

25.1 INTRODUCTION

Until recently, studies of the effect of altitude on
humans have used fit young men as their subjects,

but the record of increasing success by women at
very high altitudes has stimulated a modicum of
studies either involving or including women. Both
older (Braun 1997, Butterfield 1997, Moore 1997,
Sandoval 1997, Zamudio 1997) and more recent
studies are reviewed in this chapter, but in trying to
provide answers to frequently asked questions, we
discover that there is still room for more studies to
elucidate the age-old queries about the differences
in adaptation and performance between men and
women going to and living in high, thin air.

25.2 CLIMBING PERFORMANCE

In 1970 Setuko Wanatabe, a Japanese climber, was
the first woman to climb Everest, and since then
more than 75 women from many nationalities, lev-
els of education, and walks of life have also made
the ascent, some without the use of supplementary
oxygen.

Women, without supplemental oxygen, have
climbed other 8000 m peaks including K2 and
Kangchenjunga, and it will probably not be long
before someone claims the record of the first
woman to climb all fourteen 8000 m peaks.

Clearly, women can acclimatize and perform
and train (Purkayasta et al. 2000) at altitude as well
as men, even if there are fewer women participating



in high altitude climbing, especially in the elite cate-
gory. In this section the differences in physiology
between women and men will be discussed though,
as women’s achievements demonstrate, similarities
are probably greater than differences. Additionally,
this chapter will deal primarily with women going
to altitude while Chapter 17 focuses more on women
native to high altitude.

25.3 ACCLIMATIZATION

Women acclimatize in a similar way to men. With
respect to respiratory acclimatization their increase
in ventilation in response to chronic hypoxia was
documented as long ago as 1911 by Mabel FitzGerald
(FitzGerald 1913). She measured the alveolar PCO2

of acclimatized men and women, over a range of alti-
tudes and showed that the PA,CO2 is about 2 mmHg
lower in women than men. Their PO2, which was
calculated from an assumed R, was presumably
slightly higher. Others, including Hannon (1978)
have confirmed this finding, and using arterialized
capillary blood, Barry et al. (1995) found that PCO2

fell more in women than men during acclimatization
as did their bicarbonate. Loeppky et al. (2001) also
found a consistently lower Pa,CO2 and higher Pa,O2

in women when compared to men which was
accompanied by a higher respiratory rate and thus
higher dead-space ventilation. Women’s greater ven-
tilation at all altitudes is assumed to be due to the
stimulatory effect of sex hormones and disappears
after the menopause.

Women increase their hemoglobin concentra-
tion, [Hb], hematocrit and red cell mass in the same
way as men in general, though some women fail to
do so due to low iron stores as a consequence of
their menstrual blood loss. Richalet et al. (1994)
reported two such cases in their study on Samaja
and documented these women’s low iron stores. It
was also shown that their erythropoietin response
was good. In an early study on Pikes Peak (4300 m)
(Hannon et al. 1966) it was shown that women on
iron supplements had similar rises in [Hb] to men,
whereas women not taking iron had a slower
increase in [Hb].

If susceptibility to acute mountain sickness
(AMS) is seen as slow acclimatization then, again,
there is probably no significant difference between
men and women, as was documented by Hackett 

et al. (1976), Maggiorini et al. (1990) and
Honigman et al. (1993). Furthermore, the pre-
sumed association between AMS and fluid reten-
tion (Hackett and Rennie 1979, Hackett et al. 1982)
has not been documented to occur at a greater rate
in women when some increase in fluid retention is
thought to occur during the luteal phase of the
menstrual cycle, although there are contradictory
results in this area of research.

25.4 PERFORMANCE AND THE
MENSTRUAL CYCLE

Women in the luteal phase of the menstrual cycle
have higher respiratory drives to hypoxia and hyper-
capnia and thus greater exercise ventilation
(Schoene et al. 1981), and men at extreme altitudes
with higher hypoxic respiratory drives have greater
ventilatory responses and thus arterial oxygenation
and extreme altitude performances (Schoene 1982,
Schoene et al. 1984). Beidleman and colleagues
(1999) tested the possibility that this greater respira-
tory response may be affected by the stimulation of
progestational hormones in the midluteal phase of
the menstrual cycle. They hypothesized that this
ventilatory stimulation might improve oxygen
transport especially at altitude. They undertook a
chamber study at sea level and 4300 m equivalent in
eight female subjects testing them in their early fol-
licular and midluteal phases. They found that there
was no difference between the phases for peak and
submaximal exercise ventilation. Sa,O2 was 3%
higher at altitude during the midluteal phase but
VO2,max and time to exhaustion were no different
between phases at sea level or altitude.

25.5 WEIGHT LOSS

Women seem better able to maintain their weight
on going to altitude than men do. In a group of
women studied on Pikes Peak (4300 m) Hannon 
et al. (1976) found that they lost only 1.49% of their
body weight compared with 4.86% in a group of
men. This was attributed to the fact that the women
seemed to regain their appetites sooner than men
do. Collier et al. (1997) also found less weight loss
in a group of women trekkers to Everest Base Camp
(5340 m). The women had no significant weight
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loss during their stay at this altitude, while the men
lost an average of 0.11 kg m�2 day�1. In seven men
who climbed to altitudes of 7100–8848 m the
weight loss averaged 0.15 kg m�2 day�1 whilst the
one woman who climbed to above 8000 m lost no
weight.

25.6 CATECHOLAMINES AND
CARBOHYDRATE METABOLISM

In a 12-day study on Pike’s Peak (4200 m) Mazzeo
et al. (1998) found no difference in catecholamine
response between men and women nor between the
follicular and luteal phases of the menstrual cycle.
However, for a given noradrenaline urinary excre-
tion the heart rate and blood pressure response was
lower in the follicular than in the luteal phase.

As mentioned in section 15.8, sensitivity to
insulin appears to be increased at altitude in men.
Braun et al. (1998) found that after nine days at alti-
tude (4300 m) the blood glucose response to a stan-
dard meal was reduced in women possibly due to
increased stimulation of peripheral glucose uptake
or suppression of hepatic glucose production. They
found that the glucose response was lower in the
estrogen than in the estrogen plus progesterone
phase of the menstrual cycle.

Mawson et al. (2000) found that the total energy
requirements of women at 4300 m were 6% above
sea-level values. Although there was a transient rise
in BMR this did not explain all the increase. Unlike
men, blood glucose utilization rates in young
women after 10 days at 4300 m were lower at rest
and no different during submaximal exercise from
those observed at sea level. There was no correlation
with circulating estrogens or progesterone (Braun 
et al. 2000).

25.7 PREGNANCY AND ORAL
CONTRACEPTIVES

The risk to a pregnancy of going to altitude is not
known with confidence, but it would seem wise to

advise pregnant women against ascent to more
than a modest altitude. In the early months of
pregnancy, during organogenesis, there is the risk
that hypoxia might result in fetal abnormalities.
Later in pregnancy the increased bulk of the uterus
and raised diaphragm will make for discomfort in
the mother and interfere with her breathing.

There are no data on the risk of using oral con-
traceptives at altitude, but it is well known that they
increase the risk of thrombosis at sea level. However
the risk is less in current formulations and is even
smaller in nonsmokers. The increased hematocrit at
altitude and dehydration, should it occur, may
increases this risk. After some weeks at altitude vas-
cular episodes, some thrombotic in nature, have
been reported though not in women. A survey by
Miller (1999) of 926 trekkers on the Everest Base
Camp route found that of 316 women, 30% were
using an oral contraceptive mostly for control of
menstruation. A significant number did report
irregularities of menstruation especially if pills were
not taken regularly, but there were no medical 
complications. However, though reassuring, the
numbers were too small to draw firm conclusions
regarding safety. A discussion of this question can be
found in the International Society of Mountain
Medicine Newsletter (1998). In earlier editions we
advised against the use of the pill. Clearly women
are using it and the advice now should be that if
used it should be taken regularly.

25.8 WOMEN AND COLD

Cold injury, hypothermia, frostbite and immersion
injury are seldom reported in women at altitude. A
factor may be the relatively thicker layer of subcu-
taneous fat found in women. Also, it is possible
that women are more meticulous in their prepara-
tion for cold conditions and so avoid cold injury
through negligence.
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SUMMARY

Children respond to altitude in a similar way to
adults with the physiological changes of acclimatiza-
tion. However, infants in the first few months of life
have hypoxic responses that are in transition from
the fetal to childhood settings. This may result in
quite severe hypoxia which has been documented
recently.

Children are at risk at altitude if they are too
young to be able to voice their symptoms of acute
mountain sickness (AMS) which then may not be
diagnosed promptly. Any child who has recently
ascended to altitude and becomes unwell must be
assumed to be suffering from AMS unless there are
clear signs of an alternative diagnosis. Children are
as likely to get AMS, high altitude pulmonary edema
(HAPE) and high altitude cerebral edema (HACE)
as adults are. The management of all forms of AMS
is similar to that in adults with appropriate adjust-
ment of dosage of drugs. Children are more at risk
of hypothermia and cold injury because of their
larger surface to weight ratio and especially if they
are being carried and not exercising. Infants are at
risk of high altitude pulmonary hypertension
(HAPH) if they remain at altitude for months. The
justification for taking young children to altitude is
questionable and is discussed.

Increasing numbers of elderly people are going
on holidays to the mountains. If they are otherwise
fit, age is no bar to enjoying such holidays. Their
exercise capacity will be less than that of younger
mountaineers and their goals must be adjusted
accordingly. With age comes the likelihood of vari-
ous medical conditions, especially heart, lung dis-
ease, and locomotor defects, which may interfere
with performance at altitude. However, the risk
from occult disease, specifically asymptomatic coro-
nary artery disease, is very small. The elderly are no
more likely to get AMS than young people, indeed
in practice they seem to suffer less, perhaps because
they are likely to gain altitude more slowly or they
may be less susceptible.

26.1 INTRODUCTION

Studies of the effect of altitude on humans have usu-
ally used fit young men as their subjects. There have
been few studies addressing the question of the effect
of altitude specifically on children or elderly people.
Such studies as have been published are reviewed in
this chapter but in trying to provide answers to fre-
quently asked questions we still have to rely often on
anecdote or extrapolation from young adult data.
This chapter deals mainly with lowland children and



elderly people going to altitude, highland popula-
tions being the subject of Chapter 17.

26.2 CHILDREN

26.2.1 Introduction

The increased accessibility of the high altitude
regions of the world to adults means that more chil-
dren are now being taken on adventure holidays to
these places. Even infants have been carried over
6000 m peaks in Nepal (Pollard et al. 1998). Many
lowland Han Chinese children are taken to high alti-
tude in Tibet and Qinghai. Many school parties are
venturing to high altitude. Are these children at risk
from the effects of altitude? What advice should a
doctor give to parents considering taking children to
altitude? The International Society of Mountain
Medicine set up an ad hoc committee (24 members
from 10 countries) who produced a consensus state-
ment, ‘Children at altitude’ to try and answer these
questions (Pollard et al. 2001). This provides an
excellent summary of knowledge in this field up to
2001.

26.2.2 Infants at altitude

There are some special considerations that apply to
infants at altitude relating to the immaturity of
their respiratory control mechanisms and the fact

that their pulmonary arteries are undergoing invo-
lution of the thick muscular layers at this time.

In the neonate, hypoxia has a depressant effect
on ventilation. Normally this reverses to the adult
pattern of stimulation in the first few weeks of life,
but a study by Parkins et al. (1998) found that even
at 3 months infants responded to 15% oxygen
breathing by frequent periods of isolated and peri-
odic apnea. The mean saturation on 15% oxygen
was 92% in these infants. The responses were very
variable, but some infants had saturations which
fell to less than 80% for up to a minute (at which
time the intervention was stopped).

Niermeyer (2003) has reviewed her own and
others’ work on infants at high altitude. There are
remarkable differences in arterial saturations in the
first few months of life between infants at low and
high altitudes and in different populations at high
altitude. Figure 26.1 shows the Sa,O2 during the
first 4 months of life in quietly sleeping infants at
various altitudes and in different populations.
Infants at sea level have a saturation of 96–98%
within the first few hours after birth and reach a
slightly higher level with less variability over the
next few months as their cardiorespiratory control
goes through the transition from fetal to young
infant settings. At Denver (1610 m) there is a small
drop from 24 to 48 h after birth and the Sa,O2 then
remains constant. The same population at the alti-
tude of Leadville (3100 m) shows a profound drop
24–48 h after birth and then a rise over the next 2
months. Han Chinese infants in Lhasa (3658 m)
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show a similar drop but then a continued decline
over 4 months. Tibetan infants also at Lhasa have a
rather higher Sa,O2 at birth than Chinese infants but
a similar drop, which then remains steady. Andean
infants (not shown) have results intermediate
between Tibetan and Han Chinese. The mecha-
nisms behind these observations are complex and
include changes and differences in control of
breathing, maturation of the lung and control of
pulmonary vascular pressures. It seems likely that
hypoxia interferes with the normal transition of
responses that occurs after birth (Parkins et al. 1998)
It is the Han Chinese infants, of course, who, with
their profound hypoxemia, are particularly prone to
symptomatic high altitude pulmonary hypertension
(previously called sub-acute mountain sickness)
(Sui et al. 1988), described in Chapter 22.

Yaron et al. (2003) reported the physiological
responses to altitude of children aged 3 to 36 months.
The comparison was between Denver (1610 m) and
an altitude of 3109 m. After 24 h at altitude the chil-
dren showed tachypnea, relative hypoxia, hypocarbia
and a reduction in cerebral tissue oxygenation (by
near-infrared spectroscopy). These changes were
similar to those seen in adults. However, the reduc-
tion in cerebral oxygenation was age dependant with
lower values being seen in the younger subjects. AMS
symptoms were scored but there was no correlation
between AMS scores and any physiological measure-
ment. In another part of the same study, sleep was
monitored. They found that, as in adults, sleep was
disturbed especially during the first night at altitude
(3109 m) (Yaron et al. 2004).

26.2.3 Sudden infant death at altitude

In view of the quite severe desaturation in infants at
altitude (Fig. 26.1) and the known effect of an acute
respiratory infection to lower Sa,O2 still further, it
would seem likely that altitude must be a risk factor
for sudden infant death syndrome (SIDS). However,
there is very little evidence. One study that did
address this question was by Kohlendorfer and col-
leagues (1998) who carried out a case–control study
in Austria of SIDS deaths. They found that higher
altitude districts did have higher rates of SIDS but
these districts also had higher rates for the practice
of placing infants in the prone position for sleep.
This effect largely accounted for the difference in

rate of SIDS. The possibility that altitude is a risk
factor for SIDS cannot be ruled out at present, espe-
cially at altitudes higher than in this study.

26.2.4 Diagnosis of AMS in children

In older children, the diagnosis of AMS can be
made on symptoms as in adults. The diagnostic
problems are much the same. Those feeling cold,
miserable and depressed may exaggerate while those
(usually boys in a group) who consider it ‘sissy’ to
admit to symptoms will minimize them. However,
in younger children who cannot articulate their
feelings the problems are worse. In them AMS
symptoms cannot be distinguished from other
causes of ill health. In the setting of a recent
increase in altitude, the only safe course is to
assume a young child’s fractiousness is due to AMS
unless there are signs clearly pointing to some other
cause. Yaron et al. (1998) have proposed a ‘fussiness
score’ in such pre-verbal children, analogous to the
Lake Louise score for AMS (section 18.8). They
studied 23 children aged 3–36 months in Colorado
at Denver (1609 m), Fort Collins (1615 m) and
Keystone Summit Lodge (3488 m), taking 4 days to
reach there. There were 45 accompanying adults and
20% of these had AMS at Keystone. Using their
score, 21% of the infants were diagnosed as having
AMS. Fussiness is scored on a scale of 0 to 6 for both
amount and intensity. This equates to the headache
symptom in the Lake Louise system. Other symp-
toms are then scored 0 to 3 for, ‘How well has your
child eaten?’, ‘How playful is your child today?’ and
‘How has the child napped today?’ This system may
also be found as an appendix to the ISMM consen-
sus statement. The fussiness, or ‘Children’s Lake
Louise score’ was further evaluated by Yaron and
colleagues (2002). They found it to be robust, in that
there was good inter-observer agreement in the
scoring.

26.2.5 Incidence of AMS in children

There have been a few surveys of children at alti-
tude. Wu (1994b) studied adults and children as
they traveled the Qinghai–Tibet highway to Lhasa.
He surveyed 5355 adults and 464 children at the
overnight stop, Tuo-Tuo (4550 m). These people
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were lowland Han Chinese. The diagnosis was made
on symptoms and on the response to oxygen
breathing. HAPE was also diagnosed by chest radi-
ograph. The incidences for AMS and HAPE respec-
tively were 38.2% and 1.27% in adults and 34.1%
and 1.51% in children. In Colorado, Theis et al.
(1993) found an incidence of AMS of 28% at an alti-
tude of 2835 m for children aged 9–14 years, but
there was no comparable figure for adults. This may
seem rather high for this altitude but a control
group at sea level had a 20% incidence of these
symptoms, so some symptoms may have been due
to the travel itself. A more recent paper (Yaron et al.
2002) also found similar incidence of AMS in young
children as in adults: 19 and 24%, respectively. From
these studies (including that of Yaron et al. 1998
above) it would seem that children probably have
about the same susceptibility to AMS and HAPE as
adults. One paper also suggests that, as in adults, res-
piratory infection predisposes to HAPE in children
(Durmowicz et al. 1997). There seem to have been
no reported cases of HACE in children.

26.2.6 Management of AMS in children

The management of AMS in children is the same as
in adults (section 18.7). The crucial first step is to
have a high index of suspicion in the setting of a
recent gain in altitude. The essential step is to get
the child down to a lower altitude. Only in the
mildest cases is a ‘wait and see’ policy justified. If
there is any suspicion of AMS further ascent is out
of the question. There have been no formal trials of
any drugs in children in this setting but it is
assumed that the same medication can be used in
children as in adults. The dosage suggested for
drugs used in AMS is shown in Table 26.1.

The management of HAPE (and HACE) is sim-
ilar to that in adults (Chapters 19 and 20). There is
a report of the successful use of the Gamow bag in
a 3.5-year-old child with severe AMS (Taber 1994).

26.2.7 Children, cold and heat

Children are not only smaller than adults but have
a larger surface-to-weight ratio, so as a result, cool
faster in cold and heat up more quickly in hot condi-
tions (Kennedy and Gentle 1995). Thermal balance

is less efficient in children, and during exercise they
generate more metabolic heat for a unit mass than
adults, have lower cardiac output and gain heat
more rapidly from the environment. They also
acclimatize to heat more slowly in hot conditions.
In addition to their larger surface to mass ratio,
they have less subcutaneous fat and may have an
underdeveloped shivering mechanism. For all
these reasons, they are at greater risk than adults of
hypothermia in a cold environment and of over-
heating in hot environments.

In cold or wet conditions a windproof and
waterproof garment is essential, and particular
attention should be paid to the head from which
proportionally more heat is lost than in an adult. It
should also be remembered that a child who is
being carried is not generating heat in the way the
adult carrier is and so needs more clothing.

Overheating can occur when on a glacier or
snowfield in sunny conditions because of direct and
reflected heat. Eyes must be protected by goggles
and the exposed skin by sunblock cream. Adequate
fluid must be given, especially in hot conditions, to
prevent dehydration (Pollard and Murdoch 1997).

26.2.8 Conclusions

Although children are at no greater risk of AMS
than adults at the same altitude, the fact that young
children have difficulty in articulating their symp-
toms means that diagnosis is more difficult and
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Table 26.1 Dosage for drugs used in children for acute
mountain sickness, high altitude pulmonary edema and
high altitude cerebral edema

Drug Dose Route

Paracetamol 12 mg kg�1 every 6 h Oral
Dexamethasone 0.15 mg kg�1 every 4 h Oral or i.v.
Acetazolamide 5 mg kg�1 every 8–12 h;

max. 350 mg Oral
Nifedipine 0.5 mg kg�1 every 8 h;

max 20 mg for caps, Oral
40 mg for tabs

Aspirin should be avoided because of the slight risk of Reye’s
syndrome.
Source: after Pollard and Murdoch (1997).



may be delayed. The fact that in most cases an alti-
tude holiday is also a holiday in a part of the world
where medical help is far away and gastrointestinal
infections and other diseases are common must be
borne in mind. Also, it is true that children with
these problems can progress from being perfectly
healthy to being seriously ill at an alarming rate.
Finally, it is questionable if young children really
appreciate the mountain environment in the way
adults do, so the rewards of such a holiday, as com-
pared with a more conventional bucket and spade or
low altitude country holiday, are less. On the other
hand family travel is undoubtedly a valuable experi-
ence. On balance we would concur with Pollard et al.
(1998) in a cautious approach in advising families
considering high altitude trips. They suggest that,
with children under 2 years of age, parties should not
sleep at over 2000 m and no higher than 3000 m for
children of 2–10 years. The latter may be too conser-
vative since children of say 6–10 years, who can
express their symptoms, could well enjoy higher alti-
tudes with probably little more risk than adults.

26.3 ELDERLY PEOPLE

26.3.1 Introduction

The increased numbers of people going to high alti-
tude, mainly for recreation, include a large propor-
tion of elderly people. People are living longer and
in general are fitter than in previous decades. Many
retired men and women have the money, time and
inclination to enjoy sightseeing or treks to the great
ranges, to ski and to attend conferences. Doctors 
are often asked questions about risks involved. In
Chapter 24 specific pre-existing conditions are con-
sidered which are frequently encountered in elderly
patients. Saito et al. (2002) found that over 70% 
of Japanese trekkers were over 50 years old. Many
were over 70 and of these 75% had some pre-
existing medical problem! However, in this section
we consider the apparently fit elderly person at 
altitude.

The effects of altitude on cardiovascular and pul-
monary problems have been studied in elderly peo-
ple, and a survey of over 1900 visitors to Keystone,
Colorado (2783 m), revealed that 48% were aged
40–60 years and 15% were over 60. Approximately
10% of trekkers in Nepal were 50 years of age or

older (Hultgren 1992) and a few mountaineers of
this age have climbed Everest using supplementary
oxygen (Gillman 1993).

26.3.2 Performance

All bodily functions deteriorate with age and this
includes the maximum oxygen uptake both at sea
level and at altitude (Pugh et al. 1964). However, the
effect of age on VO2,max is very variable (Dill et al.
1964). West et al. (1983c) reported the results of
measurements of VO2,max on two subjects. There was
only a moderate deterioration in performance over a
20-year period (aged 31–51 years). Stathokostas et al.
(2004) found a 14% decline in VO2,max over a decade
in men with a mean age of 73 years, whilst in a group
of women, of a similar age, the decline was only 7%.

With increasing age skeletal muscles gradually
decrease in volume, mainly due to a reduced num-
ber of motor units (Porter et al. 1995). This in turn
may be due to drop-out of anterior horn cells as part
of the loss of neurons throughout the CNS. Conley
and colleagues (2000) measured the reduction in
cross-sectional area of the large muscles involved in
cycling together with performance, measured as
VO2,max in a group of elderly subjects (mean age 69
years), compared with a group of younger subjects
(mean age 39 years). They also measured the oxida-
tive capacity of the quadriceps muscle. They found
that the volume of the exercising muscles in the
elderly was only 67% of that in the younger group.
The oxidative capacity was reduced to 53% of the
younger group and the VO2,max was only 45% of
the younger group. They conclude that the oxidative
capacity decline with age resulted from a reduction
in both muscle volume and capacity per unit vol-
ume and was an important determinant of the age-
related reduction in VO2,max.

Exercise can make a big difference to the rate of
decline in performance. Kasch et al. (1995) carried
out a follow-up of a group of men for 28 years.
Twelve continued to exercise over this period and 12
dropped out of exercising. The rates of decline 
were 5 and 19%, respectively. Interestingly, the
blood pressure in the exercising group remained
unchanged at 119/75 whilst in the drop-out group it
rose from 128/85 to 149/90. A study by Macaluso 
et al. (2003) showed that in healthy women aged 65
to 74, an 8-week exercise training program increases
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muscle strength, power and functional ability (there
was no further improvement with a further 8 weeks’
training).

The ability to go to altitude depends more on an
individual’s degree of fitness than on age. Fit men of
75 years who normally live at sea level have spent
months at 5000 m without difficulty and a peak of
6000 m has been climbed by an 80-year-old moun-
taineer. However, their ability to carry loads is
reduced. No one should be discouraged from going
to altitude on grounds of age alone, but rapid ascent
and undue exertion will place more strain on those
in the older age group than on those who are
younger. However, their greater experience will
enable them to pace themselves so that given time
they can often achieve worthwhile objectives. Levine
et al. (1997) studied 20 subjects with a mean age of
68 years attending a veterans’ reunion at a resort at
2500 m. They found the expected decrease in Pa,O2,
Sa,O2 and VO2,max and increase in pulmonary artery
pressure of 43% due to the effect of hypoxic vaso-
constriction and sympathetic activation. The induc-
tion of a 1 mm depression of the S–T segment
occurred at a lower exercise rate at altitude but this
returned to sea level values after 5 days at altitude.
They conclude that elderly men acclimatize well at
this altitude and regain sea level performance after 
5 days.

26.3.3 Age and acclimatization

There are very few data on the effect of age on rate
and degree of acclimatization. There is no evidence
that age has an effect on minute ventilation or PCO2.
PO2 declines with age at sea level and also at altitude
due to reduced pulmonary efficiency. Burtscher et al.
(2001) found that ventilatory adaptation to high alti-
tude in the elderly (55–77-year-old men) was com-
plete within the first 2 days at an altitude of 2000 m.
The fact that the elderly are no more susceptible to
AMS than the young (see below) also suggests that
they acclimatize as fast and as well as young people.

26.3.4 Age and AMS

It might be assumed that older people would be
more prone to AMS, but there is no evidence that
this is the case. Anecdotal evidence suggests that

older mountaineers do better than the young but
this may be because they do not climb so fast and
therefore are at lower risk of AMS. Surveys such as
that by Kayser (1991) find no significant age effect
on the incidence of AMS. Although it is true that
older people have more pre-existing disease, espe-
cially heart and lung disease, it seems that this does
not increase the risk of AMS (Roach et al. 1995);
nor does the fact that with age, the sensitivity of the
ventilatory response to hypoxia (HVR) declines
(Kronenberg and Drage 1973, Poulin et al. 1993,
Serebrovskaya et al. 2000). Also arterial oxygen sat-
uration is lower in older people due to declining
lung function as well as lower HVR yet the inci-
dence of AMS is no higher. There is a hypothesis, at
present unproved, that AMS is due to cerebral
edema increasing intra-cranial pressure. Subjects
with a large brain in relation to their skull will have
a rapid rise in pressure with only a small degree of
cerebral edema. Those with a smaller brain in rela-
tion to their skull capacity will have less rise in
pressure for a given degree of edema (Ross 1985).
The elderly, who have lost a proportion of their
neurons, will have more space within their skulls
than the young. This could explain the apparent
resistance to AMS in older subjects and provide a
rare example of the advantage of growing old.

26.3.5 Conclusions and advice

The evidence that we have indicates that age alone is
no bar to a fit person going to altitude. Exercise
capacity is reduced in elderly people as it is in young
people, and the itinerary should be planned accord-
ingly, but the risk of AMS is no greater. However, ‘age
never comes alone’ and the presence of pre-existing
conditions, which might reduce one’s enjoyment of a
holiday at best and be life threatening at worst,
should give pause for thought. Some of these condi-
tions are considered in Chapter 27. However, anyone
who can manage a full day walking on hills at low
altitude without undue strain is likely to be able to
enjoy a standard Himalayan trek. In a situation of
having to go rapidly to altitude, for instance having
to fly into an airport at high altitude, it is probably
more important for elderly people than for young
people that they should give themselves 2–3 days to
acclimatize before undertaking any strenuous activ-
ity (Levine et al. 1997).
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SUMMARY

Increasingly, large numbers of people are commut-
ing to high altitude for commercial, scientific and
other activities. Several mines are now situated at
altitudes of 4000–6000 m. In some cases, the miners
live at sea level and are bussed up to the mine where
they spend a working period such as 7 days. They
then return to their families at sea level for a further
7 days, and the cycle is repeated indefinitely. This
pattern raises interesting questions about acclima-
tization and also how best to select people for this
work. Telescopes are being sited at an altitude of
4200 m in Mauna Kea (Hawaii), and even higher at
altitudes of 5000 m or more in Chajnantor in north
Chile. In Mauna Kea, some of the workers commute
daily from sea level. For the Chajnantor project,
many workers will live at an altitude of about 2400 m
and commute to the telescope though some will
sleep at 5050 m. Military operations have now been
conducted at altitudes up to 7000 m in the dispute
between India and Pakistan with some soldiers
moving rapidly to high altitudes and down again. A
new railway to Lhasa, Tibet from Golmad, Qinghai

Province, China reaches as high as 5000 m. Some
athletes now commute to high altitude to improve
their performance. An important innovation is the
use of oxygen-enriched rooms at high altitude to
relieve the hypoxia and reduce the equivalent alti-
tude. Each 1% increase of oxygen concentration
reduces the equivalent altitude by 300 m. Oxygen
enrichment has been shown to improve neuropsy-
chological function during the day and enhance
sleep at night. The use of oxygen-enriched modules
at the Chajnantor site shows great promise. The
same technology is also being used at lower altitudes
especially to improve sleeping.

27.1 INTRODUCTION

Currently one of the most challenging and interest-
ing topics in high altitude medicine and physiology
relates to the increasing number of people who
commute to high altitude for commercial or scien-
tific activities. The two main areas are high altitude
mining and high altitude astronomy. Mining at high
altitude goes back several hundred years, although



the modern practice of having miners commute
from much lower altitudes, even sea level, is relatively
recent. Siting telescopes at high altitudes, for exam-
ple over 4000 m, is also a more recent activity. Some
of the most interesting problems arise in connection
with placing telescopes at altitudes of 5000 m or
above in north Chile. In addition, military opera-
tions at high altitudes, new railways, and training
regimes for athletes involve intermittent exposure to
high altitude.

This chapter overlaps somewhat with previous
chapters. The use of intermittent hypoxia training
is referred to in Chapter 11. The value of oxygen
enrichment of room air to improve sleep at high
altitude was briefly discussed in Chapter 13. The
improvement of neuropsychological function at an
altitude of 5000 m as a result of oxygen enrichment
of room air was referred to in Chapter 16.

27.2 HISTORICAL

Mining activities at high altitude are very old. For
example, gold has been mined in west Tibet for cen-
turies. The open cast mines at Thok Jalung (Thok is
Tibetan for gold) were investigated in 1867 by Nain
Singh, one of the early pundits, the clandestine
native explorers of the Survey of India (Waller 1990).
Chinese sources suggest that Tibetans worked as
high as 6000 m in the Tanggula range of central Tibet
mining quartz, and chromate mines are also found
in central Tibet (Ward 1990). In several areas of the
South American Andes, there is evidence that min-
ing activities were carried out by the Incas before
the Spanish conquest. The Spanish conquistadors
founded the imperial city of Potosí (4060 m) in
Bolivia, the site of an enormous silver mine, in the
1540s. According to one historian quoted by Monge,
M. (1948) there were 100 000 natives and 20 000
Spaniards in Potosí at one time. However, little infor-
mation remains about the actual mining activities.

An informative description of the mining prac-
tices in Cerro de Pasco, Peru (4340 m), was given
by Barcroft et al. (1923) in their account of the
International High Altitude Expedition to Cerro de
Pasco which took place in 1921–22. Although most
of the studies carried out by the physiologists were
on themselves, many interesting observations were
made on the native miners. One mine was 250 ft
(76 m) below the surface, and the staircase which

led down to it was 600 ft (183 m) in length. The
porters who carried up the loads of ore from the
mine varied greatly in age and stature. One boy
who was said to be 10 years of age carried a load of
40 lb (18 kg) (Fig. 27.1). Another porter who was
thought to be 19 years old brought up a load of
about 100 lb (45 kg). The physiologists noted that
the exercise was spasmodic. The climb was very slow
and consisted of the ascent of a few steps, followed
by a long pause during which the porter regained
his breath. They noted that the panting of the
porters could be heard far down the staircase, before
they came into view. The miners enjoyed sports, for
example soccer, when they were not working. Each
period of the game was 15 min long.

More recently, the extraordinary physical activ-
ity of miners at the Aucanquilcha mine (5950 m) in
north Chile has been described (McIntyre 1987).
The photograph on page 455 of that article shows
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Figure 27.1 Photograph from the report of the
1921–22 International High Altitude Expedition to Cerro
de Pasco, Peru, showing a young boy, said to be 10 years
old, carrying a load of 18 kg, which he has just brought
up from the mine 250 ft (76 m) below the surface. (From
Barcroft et al. 1923.)



the miners shattering boulders of sulfur ore using
sledgehammers. The caretakers of this mine lived
indefinitely at this altitude, and they were probably
the highest inhabitants in the world (West 1986a).
The mine is no longer working.

27.3 MINING

Table 27.1 lists the altitudes of some of the most
important commercial activities at high altitude.
All of these are mines, except for two telescope sites.
It can be seen that many of the mines are above
4000 m in altitude, with the highest being Aucan-
quilcha at 5950 m, although, as indicated earlier,
this mine is no longer operating.

The mines fall into two categories. Many of the
old mines, such as those at Cerro de Pasco and
Morococha, have complete communities near the
mine itself. This means that the families are located
there and, in particular, the children are raised 
at these high altitudes. Many people now question
the wisdom of this because there is some evidence 
that children grow more slowly at high altitude
(Frisancho and Baker 1970), although the issue is
somewhat controversial (see Chapter 26). Certainly
the central nervous system is exquisitely sensitive
to hypoxia, as discussed in Chapter 16, and, other
things being equal, one would prefer to see chil-
dren brought up in a more normal ambient PO2.

Another disadvantage of having whole commu-
nities at the site of the high altitude mine is that a
large amount of infrastructure has to be provided.
This includes schools, medical facilities and meet-
ing halls, all of which increases the expenses of the
mine. These considerations have led many modern
mining operations to develop a commuting pat-
tern where the families live at or near sea level and
the miners commute to the mine itself where they
spend a period of 7–10 days.

As an example of a modern mine based on the
commuting pattern, the mine at Collahuasi will be
briefly described. This is a very large, open-cut 
copper mine in north Chile at a latitude of 21°S.
Mining operations in this area were carried out in
pre-Spanish times. It is interesting that Thomas H.
Ravenhill (1881–1952), who gave the first accurate
clinical descriptions of high altitude pulmonary
edema (HAPE) and high altitude cerebral edema
(HACE) (Ravenhill 1913), was the medical officer
at this mine in 1909–11 (West 1996b). The working
areas of the mine are at altitudes of 4400–4600 m,
though the mining camp where the miners sleep is
at an altitude of 3800 m. There are currently several
thousand people working at the mine, which makes
it one of the largest copper mines in the world.
Copper is a major export of Chile.

The miners’ families live in Iquique on the coast
in accommodation supplied by the mining com-
pany. The miners are transported to the mine by
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Table 27.1 Examples of commercial and scientific activities at altitudes of 3500–6000 m

Country/state Facility Altitude (m) Latitude Product or activity

Chile Andina 3400–4200 33°S Copper
Aucanquilchaa 5950 21°S Sulfur
Choquelimpie 4500 20°S Silver
Collahuasi 4400–4600 21°S Copper
El Indio 3800–4000 30°S Copper, gold, silver
Quebrada Blanca 4400 21°S Copper
Chajnantor 5000 23°S Telescope site

Peru Cerro de Pasco 4330 11°S Copper, gold, lead, zinc
Morococha 4550 12°S Copper

Bolivia Potosí 4060 20°S Silver, tin
Hawaii Mauna Kea 4200 20°N Telescope site
Colorado Climax 4350 39°N Molybdenum

Summitville 4050 37°N Gold

a This mine is not operating at present.



special buses which take a few hours for the trip on
a new road built by the mining company. A typical
schedule is that the miners spend 7 days at the
mine, where they work for up to 12 h per day, and
then sleep in the mining camp at an altitude of
3800 m. At the end of 7 days they are bussed down
to Iquique, where they spend the next 7 days with
their families. The cycle is repeated indefinitely.

Richalet and colleagues (2002) have studied a
group of 29 of these miners aged 25 � 5 years over
a period of 2.5 years. The subjects were extensively
tested at sea level prior to their exposure to high
altitude including a physical examination, ECG,
hematology, maximal exercise, ventilatory and car-
diac responses to an inhaled oxygen concentration
of 11.4% both at rest and exercise, pulmonary vas-
cular response to hypoxia using echocardiography,
and 24 h monitoring of ECG and arterial pressure.
Measurements at high altitude included a daily
acute mountain sickness score, sleep characteris-
tics, and 24 h monitoring of the ECG and arterial
pressure. All the measurements were repeated after
periods of about 12, 19 and 31 months.

It was found that the hematocrit increased,
measured at both sea level and high altitude, after
12 and 19 months (Fig. 27.2), but interestingly 
it returned to values similar to the initial pre-
exposure values at the end of 31 months of chronic
intermittent hypoxia. In every instance there was
an increase in hematocrit on acute exposure to
high altitude which continued over the 31 months
and presumably can be attributed to a reduced
plasma volume. Perhaps surprisingly, body weight
and body composition did not change significantly
over the 31 months. This may be related to the fact
that although the miners were exposed to high alti-
tude which often causes a weight loss, they had
excellent food at the living facility. Mean systemic
arterial pressure both during the day and night were
increased at high altitude compared with sea level.
The sea level pressures tended to decrease with time.
Another interesting finding was that the systolic
pulmonary artery pressures, measured by echocar-
diography, both in normoxia and after challenge
with 11.4% oxygen at sea level, did not change sig-
nificantly over the first 19 months although the
pressure following an acute hypoxic challenge was
less after 31 months. There was a small increase in
end-diastolic diameter of the right ventricle as
measured by echocardiography from 18.6 � 3 mm

to 22.4 � 2.4 mm after 19 months of exposure to
chronic intermittent hypoxia.

Unexpectedly, maximal exercise as measured at
sea level was found to be decreased by 12.3% at the
end of 31 months of chronic intermittent hypoxia.
This was accompanied by a decrease in maximal
heart rate of 6.8%. When the arterial oxygen satu-
ration during exercise was measured following
exposure to the hypoxic mixture, the saturation was
found to be lower at the end of 12 months of
chronic intermittent hypoxia than in the prehypoxia
measurements but it remained stable thereafter.
On the other hand the ventilatory response to
hypoxia increased after 12 months of exposure and
remained elevated. Interestingly, symptoms of acute
mountain sickness were similar throughout the
period of exposure to chronic intermittent hypoxia,
the score always being higher on the first or second
day following ascent to altitude. Consistent with this
the quality of sleep was impaired during the first
two nights at high altitude (being worse on the 
second night) and remained unaltered during the 
31 months of chronic intermittent hypoxia.

This was the first study of this pattern of chronic
intermittent hypoxia and showed that some degree
of acclimatization occurred during the 31 months
but that, not surprisingly, the changes were less
than in a group of people permanently exposed to
an altitude of 4000 m. However, it was interesting
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Figure 27.2 Hematocrit of miners before (0) and after
12, 19 and 31 months of exposure to chronic
intermittent hypoxia. Seven days were spent at an
altitude of 3800–4600 m followed by 7 days at sea level
and the cycle was repeated for the whole 31 months.
Mean � SD. Time vs. 0: *, **, ***: p � 0.05, 0.01, 0.001,
respectively. Altitude vs. sea level (SL): #, ##, ###:
p � 0.05, 0.01, 0.001, respectively. (From Richalet et al.
2002.)



that the symptoms of acute mountain sickness and
the impairment of sleeping at high altitude per-
sisted during the whole of the 31 months. Inci-
dentally, it had been hoped to extend this study for
a total of 5 years but apparently the mining com-
pany that supported the work felt that sufficient
information had been obtained for their purposes
after 31 months.

The 7 by 7-day schedule referred to above is not
universally employed in the high altitude mines
that use commuting. Periods at high altitude as
long as 10–14 days have been tried. It clearly does
not make much sense from a physiological point of
view to have a period at high altitude of less than 
7 days because there is evidence that the ventilatory
acclimatization continues for at least this period 
of time (Lahiri 1972, Dempsey and Forster 1982).
Other features of high altitude acclimatization, such
as the development of polycythemia, take several
weeks to reach a steady state. On the other hand, the
physiological value of polycythemia is now less clear
than it was earlier thought to be (Winslow and
Monge C. 1987).

Another important question is the time course
of deacclimatization. Ideally, the workers should not
lose all the acclimatization that they have developed
at high altitude during their period with their fami-
lies at sea level. Relatively little information about
the rate of deacclimatization is available, although
some measurements suggest that the rate of change
of the ventilatory response during deacclimatiza-
tion is slower than during acclimatization (Lahiri
1972). Deacclimatization is discussed further in
section 4.4.4.

Finally, although the physiological aspects of
scheduling are important, it may be that social fac-
tors will be dominant. Experience has shown that
miners are reluctant to leave their homes for more
than 7–10 days, and it is probable that a schedule 
of 7 days of high altitude followed by 7 days at sea
level, or alternatively 10 by 10 days, will be the most
acceptable.

Reference was made above to the miners at
Aucanquilcha (5950 m) who were breaking large
pieces of sulfur ore using sledgehammers. However,
the activities at a modern mine such as Collahuasi
are quite different. The ore is dislodged using
explosives, and then it is picked up by enormous
diesel electric front-end loaders that can scoop up
80 tons of ore at a time. Three scoops are then
placed in a gigantic diesel electric truck, which can
carry 240 tons (Fig. 27.3). Of course, considerable
skill is necessary to operate these very large pieces
of equipment, and substantial damage can be done
to people or machines if the equipment is not
operated correctly.

The highly skilled nature of modern mining is
one reason why, in mines like Collahuasi, none of
the miners are people indigenous to the high alti-
tudes. Another reason is that there is not a large
indigenous high altitude population in Chile. This
is in contrast to the situation in many mines in
Peru where, for example at Cerro de Pasco and
Morococha, there are large indigenous populations
who can provide relatively cheap, unskilled labor
for the mines.

Another challenging problem of these high alti-
tude mines is the selection of workers. Certainly
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Figure 27.3 Enormous diesel electric
truck at the modern Collahuasi mine in
north Chile. This can transport 240 tons
of copper ore.



not everybody is able to work effectively at altitudes
of 4400–4500 m. There is considerable interest in
possible medical tests that could predict who will
be able to work well at altitude or, perhaps more
important, who will be unable to tolerate the alti-
tude. One possible test is the ventilatory response
to hypoxia, during both rest and exercise (Rathat 
et al. 1992). As pointed out in Chapter 12, there is
evidence that tolerance to extreme altitude requires
a reasonable level of hypoxic ventilatory response
in order to defend the alveolar PO2 at a viable level.
However, whether this will be a useful prognostic
test for working at altitudes of 4000–5000 m is not
clear. Probably the best predictor at the present time
is whether a prospective worker has previously
worked effectively at high altitude.

Even if workers have been shown to tolerate these
high altitudes reasonably well, it is clear that they
cannot accomplish the same amount of physical
work as at sea level. The decline in maximal oxygen
consumption with increasing altitude was discussed
in Chapter 11, where it was pointed out that the
V• O2,max of an acclimatized subject at an altitude of
5000 m is only about 70% of the sea level value.
Another way of looking at this is that the work force
would have to be increased by about 40% at high
altitude to accomplish the same amount of physi-
cal work. It is interesting that this inefficiency is
not confined to human beings, but is also seen in
mechanical equipment. Table 27.2 shows that, at
an altitude of 4000 m, the amount of equipment to
produce the same amount of work as at sea level
has to be increased by 25 to 85% (Jimenez 1995).

27.4 TELESCOPES

27.4.1 Mauna Kea

As indicated previously, there have been mines 
at altitudes over 4000 m in the South American
Andes for many years, even before the Spanish
conquest. However, the practice of siting telescopes
at high altitude is much more recent, mostly within
the last 50 years. There are several advantages in
placing telescopes at high altitudes. One is that the
instrument is then above much of Earth’s atmos-
phere, which otherwise absorbs some of the optical
and radio waves. Another advantage is that in some
areas, for example Chajnantor (see below), the

atmosphere is extremely dry and absorption of
radio waves by water vapor is therefore much less.
Finally, remote mountain sites tend to have little
light or radio wave pollution, although this advan-
tage can also be achieved in other remote areas at
lower altitudes.

Two telescope sites will be considered here. One
is the extinct volcano at Mauna Kea in the big island
of Hawaii. The summit is at an altitude of 4200 m
and at least 10 instruments are located either on
the summit or not far below it. A feature of Mauna
Kea is that it is close to the city of Hilo, which is at
sea level, and it is possible to drive from one site to
the other in a couple of hours. There is also an
intermediate station with dormitories at 3000 m at
Hale Pohaku, and some newcomers can spend a
night there before going to the summit. However,
the majority of the staff who operate the telescopes
commute from sea level every day. The barometric
pressure at the summit is about 465 mmHg, so the
PO2 of moist inspired gas is only 87 mmHg, as
against 150 mmHg at sea level. The hypoxic stress
is therefore severe.

Forster (1986) studied the incidence of acute
mountain sickness (AMS) and the arterial blood
gases of some of the workers on the United Kingdom
Infrared Telescope (UKIRT) on the summit of Mauna
Kea. These shift workers spent 40 days working at
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Table 27.2 Increase in mine equipment size at 3000 m
and 4000 m to achieve the same output as at sea level

Equipment Output unit Increase at 
altitude (%)

3000 m 4000 m

Diesel engines Brake horsepower 40 55
Compressors Airtool work 55 75
Vacuum filters Tons solids h�1 30 45
Vacuum pumps Intake volume 30 40
Transmission MVA km�1 20 30

lines
Transformers MVA 15 25
Electrical kW 15 25

machines
Flotation tons h�1 35 50
Leach vessels tons h�1 50 85

Source: modified from Jimenez (1995).



sea level at Hilo, followed by a 5-day shift at high
altitude. The first night of the shift was spent in the
dormitories at 3000 m, and following that 4 days
were spent on the summit of Mauna Kea, with the
workers returning to 3000 m for each night. It was
found that 80% of the shift workers had symptoms
of AMS on their first day at the summit. Apart from
breathlessness, headache was the most frequent
complaint, and this affected 41% of shift workers at
the start of their high altitude shift. Other common
symptoms were insomnia, lethargy, poor concen-
tration, poor memory and unsteadiness of gait. The
frequency of symptoms decreased over the 5 days of
the shift, and at the end 60% of the workers were
asymptomatic.

Arterial blood gases were measured in 27 UKIRT
shift workers. On day 1 at 4200 m, the mean arte-
rial PO2 was 42 mmHg, rising to 44 mmHg on day
5. The arterial PCO2 was 29 mmHg on the first day,
falling to 27 mmHg on the fifth day. Arterial pH
was 7.49 on day 1, falling to 7.48 on day 5.

It is interesting that there was no difference in
the incidence of AMS between shift workers who
worked at the summit after a brief sojourn at sea
level (mean 4 days), compared to a protracted rest
period (mean 37 days) at sea level. This suggests
that in this group, the acclimatization to high alti-
tude achieved during 5 days on Mauna Kea was lost
within a few days of return to sea level. High altitude
pulmonary edema (HAPE) was infrequently seen at
Mauna Kea, with only one case in 41 shift workers
during a 2-year study period. Also only one worker
on Mauna Kea had an episode of high altitude
cerebral edema (HACE).

An interesting problem related to the astronomers
near the summit of Mauna Kea is their reluctance
to admit that the hypoxia is affecting them, and
their resistance to using oxygen enrichment of
room air which is discussed in section 29.8. As Fig.
6.2 showed, the alveolar PO2 for acute exposure to
the barometric pressure on the summit of Mauna
Kea is about 45 mmHg. This increases to as much as
about 53 mmHg if the subject is fully acclimatized
although this never happens on Mauna Kea because
astronomers never stay there long enough. Note that
these values for alveolar PO2 agree well with the arte-
rial PO2 values cited above when the arterial PO2 was
42 mmHg on day 1 rising to 44 mmHg on day 5.

This is a severe degree of oxygen deprivation. As
was pointed out in section 6.3, Fig. 6.2 also shows

that if a patient with chronic obstructive pulmonary
disease has a PO2 below 55 mmHg, he is entitled to
continuous oxygen therapy under Medicare. Clearly,
the Mauna Kea astronomers are well below that
level which unquestionably reduces physical and
mental powers. It would be easy to alleviate some
of this severe hypoxia using oxygen enrichment of
room air, but for some curious reasons some of the
astronomers are adamantly against this. This macho
attitude is inexplicable.

27.4.2 Chajnantor

The other telescope site that will be discussed here
is Chajnantor in north Chile, southeast of San Pedro
de Atacama, at a latitude of 23°S and an altitude of
about 5000 m. This is a remarkable site because it is
fairly flat, covers a large area, and is easily accessible
by road from San Pedro (altitude 2440 m). The first
part of the road is an international highway leading
from Chile to Bolivia and Argentina, and the final
15 km is now also paved. The drive from San Pedro
to Chajnantor takes only about 1 h. There must be
few places in the world where it is possible to reach
an altitude of 5000 m so easily.

Several small radio telescopes have been sited at
Chajnantor or nearby. The California Institute of
Technology has had a radio telescope for study-
ing the cosmic microwave background radiation
for several years. However, part of the interest of
Chajnantor is that it is the site of an enormous
multinational radio telescope, construction of which
is far advanced. When finished it will be the largest
radio telescope in the world, with a cost of several
hundred million dollars. Since the barometric pres-
sure at the site, altitude 5050 m, is about 420 mmHg,
the inspired PO2 is only 78 mmHg, so the degree of
hypoxic stress is substantial. The large amount of
construction work required to complete the tele-
scope, and the number of workers who will be at the
site to run it, means that this is a remarkably chal-
lenging problem in high altitude medicine.

27.5 MILITARY OPERATIONS

To paraphrase Winston Churchill, never have so
many lowlanders been transported to such high
altitudes for such long periods (and it might be
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added, to so little avail) as in the dispute between
India and Pakistan over the Jammu–Kashmir region.
The unhappy result is that large numbers of soldiers
have been stationed at altitudes up to 7000 m for
substantial periods of time. Many of these soldiers
come from altitudes near sea level such as the plains
of India. A fascinating account of some of the prob-
lems was given by Anand (2001). Indeed this con-
flict was responsible for the appearance of a new
medical condition initially called adult subacute
mountain sickness (Anand et al. 1990) in which
young soldiers develop right heart failure with
peripheral edema somewhat reminiscent of brisket
disease in cattle at high altitude (see Chapter 21).
Jha and his colleagues (2002) reported the high
incidence of stroke in these young soldiers at these
great altitudes. There have been previous military
operations at high altitudes, for example in the
Soviet Union during World War II, but the altitudes
near the Siachen Glacier where the India–Pakistan
dispute has taken place are far above these.

27.6 RAILWAYS

Railways have been built at high altitude for many
years. For example the central railway of Peru was
completed to Aroya in 1893 and this included
crossing the Andean crest at Ticlio at an altitude of
4800 m. Slightly earlier the cog railway up to the
summit of Pikes Peak in Colorado (4300 m) was
finished in 1891. However, a modern railway from
Golmud in Qinghai Province, China to Lhasa, Tibet
has posed enormous challenges not only for the
engineers and construction workers, but indeed for
the passengers. The length of the rail link is over
1100 km with more than three-quarters of the dis-
tance above 4000 m altitude. In fact the track crosses
some of the highest ranges on the Tibetan plateau,
the highest altitude being just over 5000 m. Some
30 000 to 50 000 construction workers are reported
to have been used to put in the track, and although
the medical facilities were impressive, there were
many cases of mountain sickness. Indeed it could
be argued that Chinese physicians probably have
more experience of high altitude problems (includ-
ing their prevention and management) than any
other group in the world.

An interesting problem is how to help the train
passengers to tolerate these altitudes. Tibetans are

not likely to be seriously affected because they live
so high. However, Chinese boarding the train at
Beijing near sea level will soon be exposed for many
hours to altitudes over 4000 m and up to 5000 m.
Possible solutions include having oxygen masks
available for each passenger, pressurizing the rail-
way cars as in aircraft, or using oxygen enrichment
of room air as described in section 27.8. In any event
the Golmud–Lhasa railway is undoubtedly one of
the most ambitious engineering challenges at high
altitude in the history of the world.

27.7 ATHLETIC TRAINING

As described in Chapter 11 a popular method of
training for athletics now is to live high and train
low. This can be accomplished by having the ath-
lete physically commute between the two altitudes,
or now increasingly, living or just sleeping in a 
low oxygen environment provided by a nitrogen-
enriched house, apartment, or even a tentlike
structure around the bed.

27.8 OXYGEN ENRICHMENT OF ROOM 
AIR TO RELIEVE THE HYPOXIA OF 
HIGH ALTITUDE

Partly in response to the burgeoning of commer-
cial and scientific activities at high altitude, consid-
erable work has been done on the feasibility and
value of raising the oxygen concentration of room
air at high altitude in order to relieve the hypoxia.
The possibility of doing this was suggested by
Cudaback (1984) and, at one stage, plans were made
to oxygen-enrich the control room of the Keck 
telescope at Mauna Kea, although these were never
carried out at the time.

The principle of oxygen enrichment is simple.
Oxygen, ideally from a concentrator or possibly
from a cryogenic source, is added to the ventilation
of a room, thus increasing the oxygen concentra-
tion from 21% to a higher value. The reason why
oxygen enrichment is so powerful is that relatively
small degrees of oxygen enrichment result in large
reductions of equivalent altitude. The term ‘equiv-
alent altitude’ refers to the altitude at which the
moist inspired PO2, when a subject is breathing
ambient air, is the same as the inspired PO2 in the
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oxygen-enriched environment. Figure 27.4 shows
that, between altitudes of 3000 and 6000 m, each
1% of oxygen enrichment results in a reduction of
equivalent altitude by about 300 m. In other words,
if we oxygen enrich a room at the Chajnantor site,
altitude 5000 m, by 6% (that is, we increase the
oxygen concentration from 21 to 27%), the equiva-
lent altitude is reduced by about 6 � 300 m, or
1800 m. Therefore we effectively go from an altitude
of 5000 m to one of 3200 m, which is much more
easily tolerated.

When this idea was originally proposed, some
people argued that it would be impossible to main-
tain an enriched-oxygen atmosphere within the
room because of inevitable leaks. However, in prac-
tice, oxygen enrichment is relatively simple and
reliable. The room does not have to be gas tight.
Large potential leaks such as window surrounds are
taped, and a double door is provided so that there is
an air lock. However, oxygen-enriched air is blown
into the room and escapes through small leaks, and
in practice it is easy to control the oxygen level
within 0.25%.

Oxygen enrichment of rooms has become feasi-
ble largely because large quantities of oxygen can
now be produced relatively cheaply. The simplest
way to do this is to use an oxygen concentrator;

thousands of these are now used in homes to pro-
vide oxygen for patients with chronic lung disease.
The principle is that air is pumped at high pressure
through a nonflammable synthetic zeolite which
absorbs nitrogen from the air. The result is that the
effluent gas has a high oxygen concentration, typi-
cally 90–95%. After 20–30 s, the zeolite is unable to
absorb more nitrogen and the compressed air is
then switched to another cylinder containing the
same material. The original cylinder is then purged
of nitrogen by blowing air through it at normal
pressures. In this way, a continuous supply of 90–95%
oxygen is available. A typical unit provides 5 L min�1

of over 90% pure oxygen at a power consumption
of 350 W. It is also possible to provide the oxygen
from liquid oxygen tanks, but this is more expen-
sive and less convenient because the tanks need to
be replenished.

An important issue is what level of ventilation to
use in the room. Clearly, the higher the ventilation,
the larger the amount of oxygen that must be pro-
duced to maintain a given degree of oxygen enrich-
ment. This topic has been discussed extensively
elsewhere (West 1995). We use the 1975 Ameri-
can Society of Heating, Refrigeration and Air-
Conditioning Engineers (ASHRAE) standard of
8.5 m3 person�1 h�1, which corresponds to 142 L
min�1. This is calculated to maintain the carbon
dioxide concentration in the room below 0.24%,
based on a carbon dioxide production rate per per-
son of 0.3 L min�1. This concentration of carbon
dioxide was chosen by ASHRAE as a measure of
acceptable ventilation levels. Substantially higher
concentrations of carbon dioxide can exist without
people being aware of them. However, the carbon
dioxide concentration is a useful objective marker
of adequacy of ventilation, and higher levels tend to
be associated with awareness of body odor.

It should be added that in 1989, ASHRAE
increased the minimum standard of ventilation by
three- to four-fold. This was a somewhat controver-
sial decision, and was partially based on the possi-
bilities that there may be smokers in the room,
there are health variations among people, and some
types of room furniture cause outgassing, which
may be injurious. In designing a facility for use at
high altitude, it can be assumed that people will not
be allowed to smoke in the room, and it is also pos-
sible to choose furniture that does not result in out-
gassing hazards.
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Figure 27.4 Degree of reduction of equivalent altitude
(meters of descent per 1% oxygen enrichment) plotted
against the altitude at which the enrichment is made.
Note that at altitudes up to about 6000 m, each 1% of
oxygen enrichment results in an altitude reduction of
more than 300 m. (From West 1995.)



Figure 27.5 shows a sketch of a module that can
be used for oxygen enrichment in the field. In this
instance, a standard shipping container of dimen-
sions 20 ft (6.1 m) long, 8 ft (2.44 m) wide and 8 ft
high is fitted out as a living space with beds, or a
laboratory or a machine shop. A larger laboratory
can be housed in a standard shipping container of
dimensions 40 ft (12.19 m) long by 8 ft wide by 8 ft
high. Such containers are currently in use at the
Chajnantor site, in connection with the CalTech
radio telescope. The oxygen is provided from oxy-
gen concentrators, and the concentrations of both
oxygen and carbon dioxide are continually moni-
tored inside the rooms.

The experience of the astronomers with oxygen
enrichment has been very satisfactory (West and

Readhead 2004). There have been few technical
problems in maintaining the target oxygen con-
centration of 27%, and the carbon dioxide concen-
tration is typically less than 0.25%. The CalTech
project was a particularly valuable field test of oxy-
gen enrichment because, for the first 2 weeks, the
astronomers were working in ambient air condi-
tions. They found this extremely tiring, despite the
fact that they slept every night at San Pedro (altitude
2440 m). When the oxygen enrichment modules
were set up, they noticed an immediate improve-
ment in work productivity and efficiency. In fact,
they soon instituted a rule that no one was allowed
to control the telescope or use power tools unless
using oxygen enrichment. When the astronomers
were not in the oxygen-enriched modules, they
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Figure 27.5 A self-contained oxygen-enriched module suitable for field work at high altitude. The module uses a
standard shipping container 20 ft (6.10 m) long and 8 ft (2.44 m) wide and high. These oxygen-enriched modules are
being used at the California Institute of Technology radio telescope at Chajnantor, altitude 5050 m.
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used portable oxygen in order to provide oxygen
enrichment. They also reported that it was feasi-
ble to sleep at the Chajnantor site in the oxygen-
enriched rooms. This had not proved to be possible
while breathing ambient air because of the poor
quality of sleep.

Several studies have now been carried out on the
physiological effects of oxygen enrichment of room
air at high altitude. The first studies were performed
at the Barcroft facility of the White Mountain
Research Station (altitude 3800 m) in California,
where the oxygen concentration of the test room
was raised from 21 to 24% (Luks et al. 1998). This
reduced the equivalent altitude to about 2900 m. In a
double-blind study, it was shown that oxygen enrich-
ment during the night resulted in fewer apneas and
less time spent in periodic breathing with apneas.
Subjective assessments of sleep quality showed sig-
nificant improvement. There was also a lower AMS
score during the morning after oxygen-enriched
sleep. An unexpected finding was that there was a
larger increase in arterial oxygen saturation from
evening to morning after oxygen-enriched sleep than
after sleeping in ambient air (Fig. 27.6). Of course,
both measurements of arterial oxygen saturation
were made with the subject breathing ambient air.

In another study, the mechanism of the unex-
pected increase in arterial oxygen saturation the
following morning was investigated (McElroy et al.
2000). Because this could have been caused by a
change in the control of ventilation, the ventilatory
responses to hypoxia and to carbon dioxide were
measured in the evening and in the morning after
sleeping both in the oxygen-enriched environment
and in ambient air. No effect of oxygen enrichment
on the control of ventilation was found. An alter-
native explanation is that the increase in arte-
rial oxygen saturation seen following sleep in the 
oxygen-enriched environment might have been
the result of less subclinical pulmonary edema,
compared with sleeping in ambient air. An addi-
tional observation that might support this expla-
nation was that the increase in arterial oxygen
saturation was transient, so that by midday the dif-
ference between the oxygen-enriched and ambient
air treatments on oxygen saturation was abolished.

A final study was carried out on the effects of
oxygen enrichment on neuropsychological func-
tion at a simulated altitude of 5000 m, as referred
to briefly in Chapter 16. Again, the Barcroft facility,

at an altitude of 3800 m, was used, and the concen-
tration of oxygen in the room was manipulated to
simulate ambient air at an altitude of 5000 m, and
an oxygen concentration of 27% at an altitude of
5000 m. A large battery of neuropsychological tests
was performed in a double-blinded manner, and it
was found that there were significant improve-
ments in reaction times, hand–eye coordination,
and mood (Gerard et al. 2000). These findings are
directly relevant to the project of oxygen enrich-
ment at the Chajnantor site.

An important consideration when oxygen is
added to air is whether the fire hazard is increased,
compared with sea level. This has been analyzed
carefully (West 1997) and it has been shown that,
with the levels of oxygen enrichment considered
here, the fire hazard is less than at sea level. The
basic reason is that, although the PO2 is increased
by oxygen enrichment at high altitude, it is still far
below the value at sea level. Although it is true that
the reduction of the partial pressure of nitrogen at
altitude also increases the fire hazard to a small

Figure 27.6 Change in arterial oxygen saturation from
evening to morning for subjects sleeping in ambient air,
compared with the same subjects sleeping in 24% oxygen
enrichment, at an altitude of 3800 m. The measurements
of oxygen saturation were made by pulse oximetry, with
the subjects breathing ambient air. The increase was
greater after sleep in oxygen enrichment (p � 0.05).
(From Luks et al. 2000.)



extent because of the reduced extinguishing effect
of this inert gas, it remains true that the fire hazard
using the degrees of oxygen enrichment described
here is less than at sea level. As an example, the
National Fire Protection Association (NFPA 1993)
defines an oxygen-enriched atmosphere as having
an increased fire hazard, in the sense that it will
support an increased burning rate of materials, if
the percentage concentration of oxygen is greater
than 23.45/(Pf

0.5), where Pf is the total barometric
pressure expressed as a fraction of the sea level
pressure. For the Chajnantor site, Pf � 0.55, so that
if the oxygen concentration is greater than 31.6% it
would exceed the NFPA threshold. The oxygen
concentration of 27% is well below this value.

Up to the present time, most of the interest in
oxygen enrichment of room air has been for com-
mercial or scientific activities above 4000 m. How-
ever, it is likely that the same technique could be

valuable at substantially lower altitudes associated
with ski or mountain resorts. Many people who visit
these places have difficulties especially with sleeping
during the first 2 or 3 days. Oxygen enrichment of
room air can greatly improve sleep quality. Indeed,
people who build houses at altitudes above 2000 m
have shown interest in oxygen enrichment of bed-
rooms for the same reason. A study of the appro-
priate oxygen concentrations at these moderate
altitudes indicates that considerable alleviation of
the hypoxia can be brought about without incur-
ring a fire hazard (West 2002b).

It could be argued that oxygen enrichment of
room air represents a new attitude to living and
working at high altitude. Until now, most people
have accepted hypoxia as something that has to be
endured. However, this proactive attitude of raising
oxygen concentration of the rooms to reduce the
equivalent altitude could represent a major advance.
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SUMMARY

It is only recently that athletes have used high alti-
tude training to enhance sea level performance, but
many remarkable feats of endurance have been
recorded in mountains. One of the most remarkable
was the first ascent of Everest without supplemental
oxygen in 1978 which has been followed by a num-
ber of phenomenally fast ascents to extreme altitude
without supplemental oxygen.

In athletic competitions at altitude lower times
are recorded in sprint events because of lowered air
resistance, whilst in endurance events, because of a
lower VO2,max, times are slower.

The paradox is that acclimatization to altitude
results in central and peripheral adaptation that
enhances oxygen delivery and utilization, but hypoxia
decreases the intensity of training and may even
cause detraining.

As polycythemia increases the VO2,max and
endurance performance, this might indicate that
the higher the athlete goes to train the better, but this
is not the case as an increased hematocrit carries 
its own disadvantages, as well as the problem of
decreased exercise capacity resulting in decreased
training intensity.

There is some evidence that athletes who live at
moderate altitude (2500 m) and train at low altitude
(1500 m) improve their endurance performance.
However, there is considerable individual variation

in the results of the ‘live high, train low’ method, and
in one series, sea level VO2,max did not improve, yet
race times improved by about 6%. Recently, there
also has been much interest in the use of intermit-
tent exposure to hypoxic environments in both
human and animal models to see if benefits for per-
formance can be attained this way.

For maximal sea level performance it is still not
clear how long or how high the athlete should live at
altitude or how long they should remain at sea level
before racing, and these techniques have become the
focus of intense debates in the governing bodies
who oversee international sport. There is even a
controversy on the ‘legality’ of athletes using expo-
sure to hypoxic environments as an ergogenic aid
and thus the use of ‘unfair means.’

Unfortunately, few trials have adequate sea level
controls to compare with altitude training. Until
this is done much information will remain largely
anecdotal.

28.1 INTRODUCTION

In 1965, Pugh (1965) suggested that athlete per-
formance at altitude would result in lower times in
sprint events due to decreased air resistance that
parallels barometric pressure; by contrast in dis-
tance events times would be increased because the
maximum oxygen uptake falls with altitude.



Comparing the times of athletes in the 1965 
Pan-American games held in Mexico (2250 m) with
those of the Melbourne Olympics of 1956 at sea
level, he showed that there was an increase in time of
2.6% in the 800 m and 14.9% in the 10 000 m events.
In the 100 m and 400 m, but not the 200 m, race
times at altitude were faster than at sea level.

When the Olympic games were held in Mexico
City in 1968, several world records in short and sprint
events were broken whilst in the longer endurance
events times were slower than at sea level. This was
due to the reduced VO2,max which at this altitude is
84% of sea level values. However, the times were not
as slow as had been predicted. In one of the most
important races in those games, in an upset, Kip
Keino who was born and raised at approximately
2300 m in Kenya beat the heavily favored Jim Ryan
from the United States. This race was the beginning
of heated debates about the value of altitude train-
ing on athletic performance. There was little note
that Keino not only lived at altitude but also had
grown up running many miles back and forth to
school as a child!

Marathon performance at altitude is affected
mainly by a lowered VO2,max which decreases by
about 1.5–3.5% for every 300 m of ascent above
1500 m (Roi et al. 1999).

28.2 THE MOUNTAINEER AS AN ATHLETE

The first mountaineers who could be called ath-
letes were Habler and Messner (Messner 1979). In
1978, they made the first ascent of Everest without
supplemental oxygen, and this focused attention
on their birth, upbringing and training at interme-
diate altitude in the European Alps. A number of
high altitude natives have repeated this feat on
Everest, but then so have mountaineers born and
bred at sea level.

Habler and Messner’s training, which included
long distance running and very rapid alpine ascents
up to 4875 m and later rapid ascents in the Himalaya,
played a major role in their exceptional fitness and
subsequent success.

With training, outstanding feats of endurance
have been recorded. In 1899, a Ghurka soldier born
and bred at intermediate altitude in Nepal ascended
and descended a 800 m peak in Scotland and crossed
4 miles of scree and bog in 55 min. A hundred years

later in 1999, this feat was repeated by a trained ath-
lete (a fell runner) in 53 min 45 s (The Times 1999).

Other outstanding endurance feats at low and
high altitude are recorded. For instance, a 49-year-
old man ran 391 miles in 7 days 1 h and 25 min over
Lakeland Hills up to 850 m in the UK. This involved
a total ascent of 37 000 m, an average of over 5000 m
per day (Brasher 1986). In June 1988, 76 summits in
the same region were reached in 24 h involving an
ascent and descent of 12 000 m (Brasher 1988). At
intermediate altitude all 54 of the peaks over 4300 m
in Colorado, USA were climbed in 21 days (Boyer
1978) and the ascent of Mont Blanc (4807 m) from
Chamonix, with return to Chamonix (1050 m) was
made in 5.5 h (Smyth 1988). At high altitude, one
ascent was made from 4900 m to 8047 m with return
to 4900 m in 22 h (Wielicki 1985) and from 3000 m
to 6000 m in 19 h (Rowell 1982).

In 1986 an ascent and descent of Everest (8848 m)
in 2 days by a new route on the North face was com-
pleted from the head of the West Rongbuck Glacier
(5800 m); supplementary oxygen was not used
(Everest 1987). In 1990, Marc Batard ascended from
Base Camp to the summit of Everest in 22.5 h also
without the use of supplementary oxygen (Gillman
1993). An astounding ascent by Sherpa Pemba Dorji
from Base Camp to the summit was reported to be
8 h 10 min (www.mounteverest.net/news)!

28.3 HYPOXIC TRAINING

To achieve optimum physical performance in mid-
dle and long distance events at altitude, it is clear
that adequate acclimatization to hypoxia, or better
still being born and bred at altitude, is essential.
Most evidence suggests that after a period of
training at altitude, performance improves upon 
returning to sea level, but the timing, i.e. altitude 
and duration at altitude for maximum sea-level 
performance after altitude training is not clear.
However, altitude training or exposure to simulated
hypoxic environments at low altitude is frequently
used by competition athletes to improve their sea
level performance. On the one hand, acclimatiza-
tion to high altitude results in central and peripheral
adaptations that improve oxygen delivery and uti-
lization. Hypoxic exercise may increase the stimulus
of training thus magnifying the effect of endurance
training. On the other hand, the hypoxia of altitude
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limits the intensity of training and may result in
detraining.

Some of the best endurance runners have been
born and bred in East Africa, living at an altitude of
1500–2000 m, and this upbringing will contribute 
to their continued success. However, Weston et al.
(1999) compared elite African 10 km runners and
their Caucasian counterparts, both of whom lived at
sea level. The African runners had a greater resis-
tance to fatigue, and higher oxidative enzyme activ-
ity, combined with a lower accumulation of lactate.
With the difference between winning and losing an
event being often so small, the psychological effects
of altitude training should not be discounted.

Numerous anecdotal reports suggest that
endurance athletes benefit from altitude training;
however, when appropriate controls have been
included in studies, the results are less impressive.
Additionally, there have been several altitudes used
such that it is difficult to know if there is a minimal
altitude, above which a benefit is gained. Using
controls, Roskamm et al. (1969) found subjects
who trained at 2250 m improved their VO2,max by
comparison with sea level subjects and those at
3450 m, but Hanson et al. (1967) also with sea level
controls and starting with unfit subjects (VO2,max �
40 mL min�1 kg�1) found no advantage in training
at an altitude of 4300 m. In well-trained subjects
too, the picture is not clear. A well-controlled study
by Adams et al. (1975) using a cross-over design in
experienced trained athletes (VO2,max 73 mL min�1

kg�1) showed no significant differences in perform-
ance between altitude (2300 m) and sea level training.

Because so many hypoxic training studies have
been completed without normoxic controls, it is dif-
ficult to determine whether the physiological changes
noted are due to hypoxia alone or a training effect. In
one series with controls 10 elite middle to long dis-
tance runners trained for 10 weeks at the same exer-
cise rate at sea level and at a stimulated altitude of
4000 m. There was no improvement in VO2,max, yet
personal best times over 10 km improved by about
6% (Asano et al. 1986). Is it possible that this was due
to a psychological effect? Anaerobic performance
may also improve after returning to sea level, follow-
ing a stay at altitude; however, many studies have
shown no improvement (Martin and Pyne 1998).

Some investigators have utilized ‘doses’ of
hypoxia during training to effect a training 
advantage. Ventura et al. (2003) trained athletes for

6 weeks at high intensity with bouts of simulated
3200 m and found no change in performance.
Brugniaux et al. (2006) had well-trained athletes
sleep at simulated altitudes of 1200, 2500, 3000 and
3500 m for 13–18 days and found that 3000 m was
safe and induced a degree of ventilatory acclimatiza-
tion. Truijens et al. (2003) trained accomplished
swimmers in a flume in an intense interval protocol
at either low altitude or while inspiring air consis-
tent with 2500 m altitude for 5 weeks and then
measured performance at 100 and 400 m swims 
and found no difference. In another study, cyclists
trained for 4 weeks at either sea level or simulated
2750 m three times per week in 10 intervals at 80%
of maximum (Morton and Cable 2005). Without an
increase in hemoglobin, the subjects increased their
endurance but not their maximum work intensity,
but there was no difference between the hypoxic or
sea level-trained athletes. These studies suggest that
short-term exposure to hypoxic air during intense
training has no discernible benefit for performance.

28.4 LIVING–TRAINING HYPOXIC
PARADIGMS

In the late 1990s a number of elegant studies were
undertaken to investigate the various living–training
environments in which athletes could realistically
be exposed during a period of intense training. In
other words, athletes lived high and trained low,
lived and trained high, lived low and trained high,
and trained and lived low. These studies were
designed to take advantage of a number of physio-
logic responses of acclimatization which might
convey an advantage in physical performance.

Levine and Stray-Gundersen (1997) suggested
that if athletes were acclimatized to a moderate alti-
tude (2500 m) and trained at lower altitude (1500 m)
for 6 weeks they could get the best of both worlds and
improve their performance more than an equivalent
control group at sea level or altitude. A 5000 m run
time trial was the main measure of performance
while they also undertook an additional number of
physiologic measurements. The trained runners who
‘lived high, trained low’ showed an increase above sea
level performance. Sea level performance was not
improved in those who lived and trained at moderate
altitude nor in those who lived and trained at sea
level only.
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There was, however, considerable individual
variation in the response to altitude training, and
some do not respond to the ‘live high, train low
regime’. (Chapman et al. 1998). The ‘responders’ had
the highest rise in erythropoietin and thus hemat-
ocrit, suggesting that the improved endurance was
conveyed by the higher oxygen-carrying capacity in
that group, but no genetic markers to elucidate this
variability could be found (Jedlickova et al. 2003).
Elite (world championship qualifiers) male and
female runners were studied over 4 weeks at 2500 m
during continued training; and although there was
variability in the results, these already highly trained
athletes showed improvement in all variables of per-
formance (Stray-Gundersen et al. 2001). Attempts
to have similar responses at the same altitude, but
for shorter periods of time (5, 10 and 15 days), were
unsuccessful in improving exercise performance
(Roberts et al. 2003).

In attempts to gain advantage with shorter peri-
ods of exposure, the concept of ‘intermittent
hypoxic training’ was entertained in a study which
was based on discernible physiologic changes noted
in animal models. This approach exposed athletes
to short periods (70 min) of hypoxia at rest for 
4 weeks (Julian et al. 2004). There were no changes
in any of the hematologic, physiologic or perform-
ance variables. Human and animal studies, such 
as this one, have led to much debate about the ‘dose
response’ of the hypoxic exposure and the subse-
quent gain or lack thereof in performance (Stray-
Gundersen et al. 2001, Levine and Stray-Gundersen
2006, Levine 2005). Attempts to find a competitive
edge has led to the utilization of hypoxic tents and
sleeping chambers where the athlete can gain the
benefit of ‘living high, training low’ in the comfort
of sea level living. The entire concept of a perform-
ance advantage with various constructs of hypoxic
exposure has recently incited an intense debate
between athletes, investigators and international
regulatory agencies which is far from being resolved.

28.5 PRESUMED MECHANISM OF
HYPOXIC EXPOSURE

As is well described in ealier Chapters, exposure to
high altitude incites a number of physiologic
responses which optimize the transport of oxygen
from the air to the mitochondria. With respect to

hypoxia and training, the following studies give us
some insight into the mechanism of the modest
benefit.

28.5.1 Ventilation

Over 4 weeks Townsend et al. (2002, 2004) exposed
two groups of subjects to simulated 2650 m altitude
and one to sea level for 20 nights, 4 � 5 nights with
2 nights off, and low altitude and found that hypoxic
ventilatory response was increased in both altitude
groups (greater in the 20 consecutive night group)
with a corresponding decrease in resting PCO2.

28.5.2 Cardiac response

Two weeks of nocturnal exposure to 1980 m
resulted in an improvement in left ventricular func-
tion as measured by echocardiography in 10 well-
trained athletes as compared to low altitude controls
(Liu et al. 1998). Athletes undergoing a live high,
train low (LHTL) protocol at 2500–3000 m for 
13 days demonstrated greater heart rate variability
during hypoxic challenge than low altitude controls
(Povea et al. 2005). Heart rate variability is a marker
of autonomic tone associated with aerobic fitness
(Povea et al. 2005). These two studies suggest that
LHTL training can improve cardiac function, but
more work needs to be done in this area.

28.5.3 Hematologic response

Up to about 2500 m polycythaemia increases the
VO2,max and endurance performance (Levine and
Stray-Gundersen 1992). For this reason the use of
erythropoietin by subcutaneous injection or autolo-
gous blood transfusion, both of which create a tran-
sient increase in red cell mass, has been banned for
athletic events. The effect of autologous erythrocyte
infusion on exercise performance at high altitude
(4300 m) was studied by Pandolf et al. (1998). No
significant improvement in a 3.2 km run at sea level
was found after infusion and at altitude times were
only slightly faster.

Hypoxia stimulates the release of erythropoi-
etin and in turn the bone marrow is stimulated to
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produce more red cells. The process, however, takes
weeks rather than days and the initial rise in hemo-
globin and hematocrit on going to altitude is almost
entirely due to a reduction in plasma volume
(Chapter 8). The increase in hematocrit is advanta-
geous as it increases the oxygen-carrying capacity 
of the blood. However, the resulting reduction in
blood volume may be part of the reason for the
reduction in cardiac output found at an early stage of
altitude exposure. For the sea level athletes training
at altitude, this decrease in plasma volume on ascent
is rapidly reversed on descent and any advantage in
terms of hematocrit is quickly lost. In a person resi-
dent at altitude for many months or years, the red
cell mass may be increased by as much as 50% of its
normal sea level value. On descent to sea level this
increased cell mass is retained for some weeks which
could be an advantage in endurance events.

It is still not clear what the optimum altitude is
at which athletes should be taken to maximize
their performance.

Considering the inverse relationship between PO2

and hemoglobin concentration it might be thought
that the higher the athlete can go, the better, but 
work (Gore et al. 1998) suggests that altitude training
at 2650 m does not increase VO2,max or hemoglobin.
Further studies show varying results with respect to
the erythropoietic response which is secondary to
altitude and time there. Ashenden et al. (1999) uti-
lized a ‘nitrogen house’ to simulate 3000 m in which
they exposed six subjects for 23 nights. Parameters of
red cell production did not increase with this proto-
col. These same authors (1999) also found no change
in reticulocytosis in elite female cyclists exposed to
2650 m for 12 consecutive nights. Well-trained run-
ners exposed to five nights of 2650 m showed an
increase of erythropoietin but not in reticulocytes
(Ashenden et al. 1999b). Two weeks of nocturnal
exposure to training triathletes showed a temporary
increase in erythropoietin but no other hematologic
variables (Dehnert et al. 2002). Eighteen nights at
2500 m, however, resulted in significant increases 
in erythrocytosis and aerobic performance in elite
middle-distance runners. These studies suggest that
there is a threshold in time and altitude that will
result in a significant improvement in red blood cell
volume and aerobic performance.

Also, when sea level dwellers spend long periods
over 5000 m physical and mental deterioration
occurs, associated with loss of appetite, loss of weight

and reduction of muscle mass (Ward 1954). In addi-
tion a high hematocrit carries with it the danger of
transient or permanent vascular episodes and possi-
ble death secondary to excessive viscosity.

28.5.4 Tissue adaptations

Mathieu-Costello (2001) and Hoppeler and Vogt
(2001) reviewed the cellular adaptations that occur
with prolonged exposure to high altitude and
describe studies which show an increase in both cap-
illary and mitochondrial density, both adaptations
which improve oxygen flux at the cellular level and
presumably improve exercise performance. Subjects
trained at 3850 m simulated altitude showed molec-
ular adaptations in muscle biopsies which are mark-
ers of improved oxidative metabolism (Vogt et al.
2001). The investigators found increased levels of
mRNA concentrations of HIF-1α, myoglobin and
vascular endothelial growth factor (VEGF), as well as
augmented oxidative enzymes.

Increased mitochondrial and capillary length
density were correlated with the hypoxic exposure
and intensity of training in previously untrained
subjects exposed to a LHTL regimen compared to
the control study groups which also resulted in an
increase in VO2,max.

28.6 CRITICAL PO2 FOR
HEMATOLOGICAL ADAPTATION

In one study of elite cross-country skiers, 3 weeks’
training at an altitude of 1900 m was sufficient to
raise the hematocrit by 5% (Ingier and Myhre 1992).
However, the scarcity of similar studies does not
allow any definite conclusion to be made.

It has been suggested that the longer the period 
at altitude the greater the hemopoietic response.
However, during the Silver Hut Expedition 1960–61,
when 3 months were spent at 5800 m and above, the
hemoglobin concentration leveled off after about 
6 weeks.

Obviously hypoxia increases the demand for iron
and athletes training at altitude may prove to be iron
deficient, particularly female athletes. Again few
studies have been made but differences in iron sta-
tus may explain differences in individual hemato-
logical response (Ingier and Myhre 1992).
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On descent from altitude hemoglobin levels
return to normal quite quickly. In Operation Everest
III (COMEX) after 30 days in a chamber ascending
to the equivalent height of the summit of Everest,
the [Hb] was back to normal values after 4 days at
sea level pressure (Richalet et al. 1999). Also after a
long period at altitude individuals feel physically
‘slack’ and less energetic for the first few days.
Therefore most coaches advise return to low altitude
at least 2 to 3 days before an important race.

28.7 DETRAINING AND HYPOXIA

It has recently been seen that in elite endurance 
athletes, VO2,max can be reduced at altitudes as 
low as 610 m (Gore et al. 1996). This occurred in
about 50% of trained subjects with VO2,max above
65 mL min�1kg�1 (Anselme et al. 1992), and they
appeared to develop a more severe level of arterial
hypoxaemia during maximal and submaximal exer-
cise than more sedentary controls under hypoxic
and normoxic conditions (Lawler et al. 1988,
Koistenen et al. 1995). This might have been due to a
detraining effect (Saltin 1967). However, it has also
been suggested that intermittent exposure to alti-
tudes between 2300–3300 m maximizes the balance
between acclimatization and intensity of training
(Daniels and Oldridge 1970). It is also possible that
the intensity of training at sea level could produce as
good a result as intermittent visits to altitude.

28.8 IMMUNE RESPONSE AT ALTITUDE

The effect of training at high altitude and even at sea
level upon one’s inherent immune responses and
host defenses is a hotly debated subject, as is the
topic of immunity and altitude per se. However, the
possibility that training at altitude may cause some
defect in the immune system is possible. A defect in
B-cell function has been suggested but not proved
(Meehan 1987). On Operation Everest II when indi-
viduals ascended to the ‘summit’ of Everest in a
decompression chamber, results suggested that T-
cell activation was blunted during exposure to
severe hypoxia whereas B-cell function and mucosal
immunity were not (Meehan et al. 1988).

Athletes frequently complain of recurrent minor
infections and mountaineers at high altitude find

that cuts and infections seem to improve more
rapidly on return to lower altitude. Bailey et al.
(1998) in two studies with a total of 24 elite
endurance athletes training at altitudes between
1500 and 2000 m found a 50% increase in the fre-
quency of upper respiratory and gastrointestinal
tract infections during the altitude period. They
also recorded a reduction in plasma glutamine
concentration at rest. Glutamine is important as a
substrate for macrophages and lymphocytes and a
reduction in its concentration might indicate impair-
ment of immune defence against opportunistic
infections. A decrease in secretory immunoglobu-
lin A (sIgA) was noted in subjects undergoing an
18-day LHTL protocol at approximately 3000 m
which did not recover after 2 weeks (Tiollier et al.
2005). Certain strategies have been suggested for
athletes to maintain immunocompetence (Pyne et
al. 2000). These measures involve simple monitor-
ing of physiologic, psychological, environmental
and performance variables to minimize the possi-
bility of over-training.

28.9 IS ALTITUDE TRAINING WORTH IT?

Is it worthwhile for athletes to train at altitude? At
present there is no clear answer to this question.
The disadvantages are the risk of acute mountain
sickness and high altitude pulmonary and cerebral
oedema. The reduction of VO2,max and the earlier
onset of fatigue means that altitude training is less
intense than at sea level. However, living high and
training low has shown improved performance in a
5 km time trial.

On the strength of this and other trials, it would
seem that for distance events it would be better to
live at 2500 m and train at less than 1500 m. Bailey
and Davis (1997) reviewed the available evidence for
the efficacy of altitude training for sea level events
and concluded,

Scientific evidence to support the claim that
either continuous or intermittent hypoxic
training will enhance sea level performance
remains at present equivocal.

But many authorities would contest their skepti-
cism and agree that careful modulation of hypoxic
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exposure and training is beneficial for aerobic
exercise performance.

The optimum time of stay at altitude is still not
clear, but to increase red cell mass at least 4 weeks
at altitude may be necessary, but the associated
reduction in training intensity would not be

advantageous. To obtain maximum performance
after the athlete descends to lower levels, the timing
of the event is also not clear: a minimum of 2–3 days
with a maximum of 14–21 days has been suggested
(Suslov 1994).
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SUMMARY

The study of healthy subjects at altitude has given
valuable insights into the effects of hypoxia on
human physiology and pathology. In this chapter we
consider the similarities and differences between
humans at high altitude and patients at sea level with
various medical conditions. Altitude-acclimatized
humans are a very good model for the hypoxia suf-
fered by patients with lung diffusion limitation due
to conditions such as fibrosing alveolitis where there
is little or no airway obstruction. Chronic obstruc-
tive lung diseases (chronic bronchitis, emphysema
and chronic asthma) have many similarities to accli-
matized humans but differ in that such patients have
normal or raised PCO2 whereas acclimatized humans
have a low PCO2. Healthy subjects at altitude have
some similarities to patients with cardiac conditions
which limit the heart in its response to exercise. The
sensation of fatigue in the working muscles is similar
and is experienced by both. It is probably due to
insufficient oxygen supply in both cases. Anemia
gives rise to the same sensation due to oxygen lack
though through different mechanisms. The prob-
lems of patients with cyanotic heart disease are also
reflected in acclimatized humans.

At a more fundamental level, altitude physiol-
ogy has influenced clinical medicine through con-
cepts such as the importance of partial pressure of
gases, especially of oxygen and carbon dioxide and,
by extension, of anesthetic gases, and of acid–base
balance and oxygen dissociation curves. Much
early work in these areas was stimulated by interest
in humans and animals at altitude. In hematology
the very early work on polycythemia of altitude
provided a stimulus to work on erythropoiesis. In
cardiology the raised pulmonary artery pressure
found at altitude has stimulated work on the con-
trol of pressure in the lesser circulation. Individual
or population differences in response to hypoxia
are often genetically determined. This fact has
stimulated research in both the altitude and genet-
ics communities.

29.1 INTRODUCTION

High altitude medicine and physiology constitute a
legitimate subject for study in their own right and if,
like any branch of science, such study casts light on
other fields, including clinical medicine, that is a
bonus.



However, it is often argued that a justification for
human studies at high altitude is that the knowl-
edge so gained may be applied in clinical medicine.
Patients hypoxic because of pulmonary or cardio-
vascular disease present a complex picture in which
hypoxia is only one of their many problems. In the
study of humans at high altitude one can study the
effects of hypoxia alone in otherwise healthy sub-
jects. The stimulus, hypoxia, can be applied in a
measurable controlled way at a time to suit the scien-
tist, so that controlled measurements can be made
before and after hypoxia.

The insight so gained can be applied to the more
complicated uncontrolled situation of the hypoxic
patient. This chapter discusses how good a model
human subjects at high altitude are for the hypoxic
patient, and the similarities and the differences
between these two situations. It also reviews the
extent to which high altitude physiology has illu-
minated clinical medicine.

29.2 CHRONIC OBSTRUCTIVE 
LUNG DISEASE

Probably the commonest cause of hypoxia in medi-
cine is chronic obstructive pulmonary disease
(COPD). Within this category are included patients

with chronic obstructive bronchitis and emphy-
sema. Patients with long-standing severe deformity,
such as kyphoscoliosis, also develop hypoxia in the
later stages of their disease. Table 29.1 lists the simi-
larities and differences between a patient with
COPD and a subject at high altitude.

29.2.1 Symptoms

The similarities include the symptoms of dyspnea,
especially on exertion, and the limitation of work
capacity. Dyspnea is a difficult sensation to describe
and probably the term includes more than one sort
of sensation. Patients with asthma, for instance, say
that the sensation during an attack is quite different
from the breathlessness they feel at the end of a run
when free of asthma. The dyspnea of an individual at
high altitude is probably more like the latter; the sen-
sation is of needing to hyperventilate and being quite
free to do so. Patients with COPD, on the other hand,
probably suffer a rather different sensation, akin to
that of the asthmatic patient in an attack, which is
described as a difficulty in ‘getting the breath’ or of
suffocation.

The reduction in work or exercise capacity is
very similar in both patients and high altitude sub-
jects. In both, the dyspnea is felt to play a part but
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Table 29.1 Comparison of clinical aspects of chronic obstructive pulmonary disease with findings in people at high
altitude

Symptom/finding At high altitude Chronic obstructive pulmonary disease

Dyspnea on exertion Yes Yes
Limited work capacity Yes Yes
Peripheral edema Seen in AMS Frequent
Polycythemia Yes Yes
Red cell mass Increased Increased
Arterial PO2 Reduced Reduced
Arterial PCO2 Reduced Normal or raised
Arterial pH Raised Normal or reduced
Bicarbonate level in blood, CSF Reduced Raised
Work of breathing L�1 Reduced Increased
Work of breathing, total Increased Increased
CO2 ventilatory response Shift to left and steepened Shift to right and flattened
Cerebral blood flow Increased/normal Increased
Pulmonary arterial pressure Raised Raised
Weight loss Yes (variable) Yes (in some cases)

CSF, cerebrospinal fluid; AMS, acute mountain sickness.



both also complain that work is limited by a sensa-
tion of the legs ‘giving out’ or ‘feeling like lead’. This
is for large muscle mass dynamic work such as
walking, cycling, and climbing stairs. If the strength
of a small muscle mass is tested (e.g. hand grip), it is
found to be largely unimpaired in both cases. The
possibility that the central nervous system may play
a role in limiting exhaustive exercise fatigue at alti-
tude has been proposed (Kayser et al. 1993b).
Could this also apply to patients with COPD?

In the patient with COPD the work of breathing
(per liter) is increased because of airway obstruc-
tion. The total ventilation may be increased as well,
even if there is alveolar hypoventilation, because of
the increased dead space; thus the total work of
breathing is further increased. At high altitude, the
work of breathing per liter is modestly decreased
because of the reduction in air density at reduced
barometric pressure; however, the total work of
breathing is increased due to the marked hyper-
ventilation especially on exercise (Chapter 11).

29.2.2 Blood gases and acid–base
balance

Subjects at high altitude and patients with COPD
both have reduced PO2. At high altitude this is due
to low inspired PO2 whereas in COPD patients it is
caused by gas transfer problems due to ventilation/
perfusion ratio inequalities (Chapter 6.8). In both
cases, the hypoxemia is made worse by exertion.

The PCO2 level, however, is different. In patients
with COPD the Pa,CO2 is either normal or, in more
severe cases, raised. The pH is consequently lowered;
respiratory acidosis and secondary renal compensa-
tion result in elevated blood bicarbonate concentra-
tion. The cerebrospinal fluid (CSF) bicarbonate
concentration is also elevated and there follows a
shift to the right of the ventilatory carbon dioxide
response line and the response becomes flattened
(i.e. blunted). In contrast, at high altitude the Pa,CO2

is reduced, pH elevated, blood and CSF bicarbonate
concentration reduced, and the carbon dioxide
response shifts to the left and becomes more brisk
(Chapter 5). These differences in acid–base will
affect the oxygen dissociation curve as discussed in
Chapter 9. The left shift in climbers at extreme alti-
tude is probably beneficial. In COPD patients the
respiratory acidosis due to high PCO2 is normally

compensated by increased bicarbonate but in acute
exacerbations may not be and the rightward shift of
the dissociation curve will add to the hypoxemia
suffered by these patients.

29.2.3 Hematological changes

At high altitude and in COPD patients there is an
increase in red cell mass. This invariably results in
polycythemia at high altitude where it is accompa-
nied at first by a reduced plasma volume (Chapter
8). In COPD the plasma volume is usually increased,
for reasons which are unclear, so that polycythemia
is often not seen until red cell mass is considerably
increased by a more extreme hypoxia. In both cases
the increase is due to more erythropoiesis, stimu-
lated by increased levels of erythropoietin. After the
first few days at a given high altitude, levels of eryth-
ropoietin fall to within the normal or control range
(Chapter 8) and similarly, in over half the patients
with polycythemia due to hypoxic lung disease,
erythropoietin levels are within the normal range
(Wedzicha et al. 1985).

Plasma volume, as already mentioned, is increased
in COPD. Plasma volume is decreased on first going
to altitude but returns towards normal after about 
3 months (Chapter 8). In high altitude residents
plasma volume is decreased by about 27% compared
with sea level residents (Sanchez et al. 1970).

29.2.4 Fluid balance and peripheral
edema

Patients with COPD are at risk of developing periph-
eral edema, mainly dependent, and raised venous
pressure. They have been shown to have a defect of
sodium and water handling; they fail to excrete a
water load at the normal rate if they have a high
PCO2 (Farber et al. 1975, Stewart et al. 1991a). COPD
patients have a reduced effective renal plasma flow
and urinary sodium excretion. They may have raised
plasma renin activity and aldosterone levels. The
development of peripheral edema may take place
without increase in body weight (Campbell et al.
1975), suggesting a transfer of fluid from intracellu-
lar to extracellular compartments. This is in contrast
to edema formation in cardiac failure when, as
expected, it is associated with weight gain. How these
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findings can be fitted into a coherent account of the
mechanism of this condition is still not clear.

The fluid balance in people at high altitude is also
far from clear. It seems likely that the development
of acute mountain sickness (AMS) is associated
with fluid retention, whereas the healthy response
on going to high altitude is a diuresis. Peripheral
edema frequently occurs in AMS, often affecting the
periorbital regions and hands as well as the ankles.
The headache is probably caused by cerebral edema.
Pulmonary edema and cerebral edema are the seri-
ous forms of AMS and clearly there is pathological
edema in these conditions (Chapters 18–20). In the
acclimatized subject there is no evidence of any
problem in fluid handling.

Whether there are analogies between the mecha-
nisms of AMS and cor pulmonale are questions for
future research in both fields. For instance, it is the
COPD patients with high Pa,CO2 who are likely to
develop cor pulmonale, and in subjects at altitude
higher Pa,CO2 may be associated with AMS although
this is thought not to be an important factor.

29.2.5 The circulation

The systemic circulation is not importantly affected
by either COPD or altitude. There is often mild ele-
vation of the blood pressure in both cases, but there
are important changes in the pulmonary circulation
in both patients with COPD and those at high alti-
tude. There is increased pulmonary resistance, result-
ing in raised pulmonary artery and right ventricular
pressures in both COPD and the healthy subject at
altitude and similar electrocardiographic (ECG)
changes (i.e. right axis deviation) (Chapter 7).

29.2.6 Cerebral blood flow (CBF)

In patients with COPD the CBF is increased due to
the cerebral vasodilatory effects of both hypoxia and
hypercarbia. On going to altitude the CBF is nor-
mally modestly increased at first, then tends to fall
towards sea level values (Severinghaus et al. 1966b).
This is due to the low Pa,CO2, which tends to reduce
CBF opposing the effect of hypoxia. Polycythemia, as
it develops in both COPD patients and those at high
altitude, will tend to reduce CBF. Very low CBF val-
ues have been inferred from the large arteriovenous

cerebral oxygen difference in Andean altitude resi-
dents with marked polycythemia (Milledge and
Sorensen 1972), whereas patients with COPD are to
a degree protected from cerebral hypoxia by their
hypercapnia, which causes increased CBF.

29.2.7 Alimentary system

There has been little work on the effect of hypoxia on
bowel function in either patients or individuals at
high altitude. Milledge (1972) showed that small
bowel absorption, as measured by the xylose absorp-
tion test, was reduced in patients with either hypoxic
lung disease or cyanotic heart disease, when the satu-
ration fell below about 70%. It was suggested that
this finding might explain the loss of weight which
often characterizes patients with severe emphysema
towards the end of the course of their disease.

Subjects at high altitude tend to lose weight and,
although much of this weight reduction is due to
reduced energy intake, there has been uncontrolled
evidence that at altitudes above about 5500 m there
is continued weight loss even with adequate energy
intake (Pugh 1962a). During the American Medical
Research Expedition to Everest (AMREE) in 1981,
there was a significant reduction in both fat and
xylose absorption in subjects at 6300 m (Blume
1984). Dinmore et al. (1994) found that absorption
of both D-xylose and 3-O-methyl-D-glucose was
reduced in subjects at 6300 m, and Travis et al.
(1993) also found a reduction in the ratio of these
carbohydrates at 5400 m, indicating impairment of
absorption (Chapter 14). Westerterp et al. (1994) on
Mount Sajama (6542 m) found that gross energy
digestibility decreased to 85%, indicating some
malabsorption, though most of the weight loss was
attributable to low food intake. On the other hand
in Operation Everest III, Westerterp et al. (2000)
found a normal energy digestibility of 94% at 7000 m
simulated altitude. Contributing to this weight loss
is the increased metabolic rate at altitude. It seems
that in COPD there is also an increased metabolic
rate which is not compensated for by increased
dietary intake. The cause of this elevated metabolism
is a matter of much debate and several factors have
been implicated (Decramer et al. 2005).

It now seems likely that malabsorption, due to
hypoxia, if it exists, is only a minor factor in the
weight loss seen at altitude which is predominantly
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due to a negative energy balance. Similarly there is
loss of appetite in COPD and there has been some
work looking for the cause amongst the various
humeral factors thought to influence appetite, e.g.
ghrelin (Luo et al. 2005), tumor necrosis factor-�
(Pitsiou et al. 2002) or increased muscle apoptosis
(Agusti et al. 2002).

29.2.8 Mental effects

Patients with hypoxia due to COPD frequently have
disturbance of mental function, especially during
exacerbations, when their PO2 falls to very low levels.
In the milder stages these disturbances may be quite
subtle but, as hypoxia becomes severe, patients
become irritable, restless and confused. Motor func-
tion may become impaired with ataxia. These
changes are very similar to those observed in healthy
subjects exposed to acute hypoxia in decompression
chambers. However, in acclimatized subjects, very
low saturations may be seen, especially on exercise,
with very little mental disturbance, though at
extreme altitude and with AMS these mental prob-
lems may be seen (Chapter 16).

29.2.9 Molecular and genetic
mechanisms

Amongst the molecular and genetic mechanisms
underlying the adaptation to the chronic hypoxia in
both COPD patients and healthy subjects at alti-
tude is the rise in levels of hypoxia inducible factor 1
(HIF-1). This in turn induces a whole range of genes
including erythropoietin and genes involved in
metabolism. Raguso et al. (2004) review the com-
mon mechanisms between COPD and altitude with
respect to the effect on nutrition and metabolism.
HIF-1 induces gene expression of fructose-2-6-
biphosphatase, for instance, an enzyme switching
glucose metabolism towards glycolysis, allowing
energy production in anaerobic conditions. They
point out the possible importance of HIF-1 poly-
morphism and interaction with other molecules,
especially estrogens in the clinical evolution of the
disease. These considerations may also underlie the
differing individual susceptibility to the effects of
altitude hypoxia in healthy subjects.

29.2.10 Summary

Table 29.1 summarizes the similarities and differ-
ences between patients with COPD and those at
high altitude. Healthy people at altitude differ in a
number of important respects from patients with
hypoxia due to COPD. Most of these differences
are attributable to the one being hypocapnic and
the other hypercapnic. However, the hypoxia is
similar and results in similar effects on a number
of bodily systems, including erythropoiesis, mus-
cles, the alimentary system, metabolism (weight
loss) and mental function. Providing the carbon
dioxide effect is borne in mind, persons at high
altitude can be considered as a model for the
hypoxia of COPD.

29.3 INTERSTITIAL LUNG DISEASE

Within this category are included such conditions
as sarcoidosis, fibrosing alveolitis, allergic alveolitis
(farmer’s lung, etc.), pneumoconiosis (including
silicosis) and other causes of diffuse pulmonary
fibrosis. Some types of pneumonia, for instance
that due to Pneumocystis pneumoniae, which are
diffuse rather than lobar, present similar patho-
physiology. In all these conditions the main prob-
lem is an impairment of gas exchange. There
usually develops some restriction of lung volumes
as well but, unlike COPD, there is little or no air-
ways obstruction. The result is that hypoxia devel-
ops without any rise in Pa,CO2. Indeed, the Pa,CO2

is characteristically decreased as it is in subjects at
high altitude.

The dominant symptom in these patients is
breathlessness on exertion and, later, even at rest.
The arterial desaturation becomes worse on exer-
tion just as it does in those at extreme altitudes
(Chapter 12). The cause of the hypoxemia in these
patients is a defect of gas transfer. This is due to
ventilation/perfusion ratio inhomogeneity and an
increase in the diffusion path length, that is, a
thickening of the alveolar capillary membrane by
cellular infiltrate or fibrosis. In most cases the ven-
tilation/perfusion mismatch problem is the more
important. These conditions usually develop over a
period of months and a subject well acclimatized
to high altitude is a very good model for the
hypoxia of a patient with interstitial lung disease.
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29.4 CYANOTIC HEART DISEASE

Most patients in this group have congenital cardiac
defects which result in right to left shunts and
therefore in cyanosis. Diagnoses include tetralogy
of Fallot, ventricular and atrial septal defects with
reversed shunts, patent ductus arteriosus with
reversed shunt, and most forms of anomalous
venous drainage.

These patients, often hypoxic from birth, some-
times have most extreme cyanosis with severe poly-
cythemia. Pa,CO2 is usually in the normal range but
may be low as is found at high altitude. Those with
extreme polycythemia, in whom the hematocrit can
be up to 70%, resemble cases of chronic mountain
sickness and may suffer the same symptoms of
lethargy, poor concentration, being easily fatigued,
etc. (Chapter 21). Though these patients do get out
of breath on exertion, dyspnea is not a prominent
symptom, perhaps because the condition has been
present since birth. Again, like chronic mountain
sickness and the ‘blue bloater’ type of COPD
patient, it may be due to a blunted respiratory drive.
The histopathology of the pulmonary circulation of
children with cyanotic heart disease is comparable
to that of high altitude residents (Heath and Williams
1995, pp. 121–39). The normal demuscularization
of pulmonary arteries after birth is retarded so that
the wall thickness, especially of the resistance arteri-
oles, is increased compared with the normal pul-
monary arterial tree (Chapter 17).

Children with cyanotic heart disease have
retarded growth, as do children at altitude (Chapter
17). If their defect can be corrected by surgery,
growth accelerates and they catch up with their
peers. If their arterial saturation is below about 70%
they will have impaired small bowel absorption
which may contribute to their growth retardation.
Surgical repair of the defect relieves the cyanosis and
the small bowel absorption improves (Milledge
1972). In this respect they resemble those at high
altitude (Chapter 14).

29.5 LOW OUTPUT CARDIAC 
CONDITIONS

Ischemic heart disease and cardiomyopathy can
result in low cardiac output. In milder forms of this
condition the output at rest is normal but there is

failure of the normal response to exercise of an
increase in cardiac output. Patients are symptom
free at rest but find that their exercise tolerance is
markedly diminished; they can only walk slowly and
the slightest uphill slope causes them to stop and
rest. They are not limited by dyspnea but by fatigue
in the leg muscles. In these patients the Pa,O2 is nor-
mal, but blood flow is limited, which reduces oxygen
delivery and results in tissue hypoxia. The tissues
most affected are those which have a high extraction
of oxygen and which increase their oxygen demand
on exercise, that is, the working muscles. The mixed
venous Pa,O2 is very low but Pa,CO2 is normal.

The subject at high altitude is obviously not such
a good model for this type of patient, but, especially
at extreme altitude, there are physiological similari-
ties. The maximum cardiac rate and output are lim-
ited to some degree (Chapter 12), so that, during
large muscle mass dynamic exercise, oxygen delivery
to the working muscles is limited. There is certainly
tissue hypoxia, especially of these muscles, due to a
reduction in delivery of oxygen and possibly also to
limitation of oxygen diffusion at the tissue level
(Chapter 12). As mentioned in section 29.2.1, the
sensation of work being limited by ‘the legs giving
out’ rather than dyspnea alone is common both to
individuals at high altitude and to these patients.

29.6 CHRONIC ANEMIA

Patients with chronic anemia have a very similar
pathophysiology to patients with low cardiac out-
put. The oxygen delivery to the tissues is reduced in
their case by the reduced oxygen capacity of the
blood. Cardiac output increases, partly due to a
decreased viscosity of the blood, and this partially
compensates for the loss of oxygen-carrying capac-
ity. Nevertheless, oxygen delivery is reduced, espe-
cially to the working muscles, during exercise. The
resulting symptoms are similar to those of low car-
diac output and have their analogy in those at
extreme altitude.

29.7 HEMOGLOBINOPATHIES WITH
ALTERED OXYGEN AFFINITY

The hemoglobinopathies are a rare, but interest-
ing, group of conditions in which patients have a
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genetic defect resulting in minor changes to their
hemoglobin. These changes result in their hemo-
globin having either a greater or a reduced affinity
for oxygen compared with normal hemoglobin.
The oxygen dissociation curve is shifted either to
the left (increased affinity) or to the right (decreased
affinity).

Patients with increased affinity hemoglobin expe-
rience a degree of tissue hypoxia because oxygen is
not readily unloaded in the tissues. This evidently
stimulates erythropoietin production since these
patients are typically polycythemic.

Conversely, patients with decreased affinity
hemoglobin are anemic, presumably because their
tissue PO2 is higher than normal, as evidenced by
the ease with which oxygen is unloaded there. At
moderate altitude this may confer some advantage,
though this has not been demonstrated, and on
exercise the difficulty of oxygen loading in the lungs
would probably outweigh any advantage in the tis-
sues. At higher altitude the difficulty in loading
oxygen into the blood in the lungs would certainly
be a disadvantage.

Indeed, increased oxygen affinity is probably ben-
eficial, since, at high altitude, the advantage in the
lungs more than outweighs the disadvantage in the
tissues. A study by Hebbel et al. (1978) of two sub-
jects with Hb Andrews-Minneapolis, a high affinity
hemoglobin (P50 � 17 mmHg), found that they had
less reduction in exercise capacity on going to alti-
tude than their siblings with normal hemoglobin.

Normal subjects at high altitude, especially at
extreme altitudes above 8000 m, have their oxygen
dissociation curves shifted to the left by respiratory
alkalosis; this is probably advantageous for the
above reason (Chapters 9 and 11). Thus, those at
high altitude can be a model for some aspects of
hemoglobinopathies.

29.8 CONTRIBUTION OF HIGH ALTITUDE
PHYSIOLOGY TO CLINICAL MEDICINE

29.8.1 Partial pressure of gases

The importance to clinical medicine of Paul Bert’s
work published in his landmark La Pression
Barométrique (1878) is enormous. This work clearly
showed that it is the partial pressure of oxygen, rather
than the barometric pressure or oxygen percentage,

that determines the effect of hypoxia in causing
mountain sickness and death. Although he did not
work at altitude himself he corresponded with and
encouraged people who did, and used chambers to
reduce the ambient pressure for both human and
animal subjects. He can truly be claimed as a father
figure for both altitude physiology and aviation
medicine. Of course, other physiologists and clini-
cians after Paul Bert developed the idea of the partial
pressure of gases and its importance, including such
workers as Haldane, Douglas, FitzGerald, Henderson,
Schneider, Bohr, Krogh and Barcroft, all of whose
work was stimulated by the problems of altitude
physiology.

The concept of the effect of gases on the body
being due to their partial pressures (especially of
oxygen and carbon dioxide) is fundamental to res-
piratory medicine and physiology, and to aviation
and underwater medicine. In anesthesia the partial
pressure of gases extends to all volatile agents.

29.8.2 Hematology

The polycythemia of high altitude was first docu-
mented by Viault (1890) and has been extensively
studied ever since. As a tool in hematological
research, this stimulus to erythropoiesis has been
invaluable. Much of the early work on the oxygen
dissociation curve, by Haldane, Barcroft and others,
owes its stimulus to the question of human survival
and acclimatization to high altitude. These ‘lessons
from high altitude’ are amongst the foundation
stones of modern hematology, open heart surgery,
respiratory medicine, cardiology and anesthetics.
More recently, research on 2,3-diphosphoglycerate
and its influence on the position of the oxygen disso-
ciation curve has been studied at altitude (Chapter 9)
and the results incorporated into the body of hema-
tological knowledge. More recently interest in the
mechanism of gene induction by hypoxia of genes
such as erythropoietin has resulted in a great volume
of research in an ever-increasing number of genes
induced by hypoxia. The mechanism is via by the
hypoxia inducing factor-�, HIF-1� (Semenza et al.
(1998). The other hypoxia-induced genes all have
similar core binding sites for HIF-1� which induces
the gene by binding to it. Again this has been a two-
way stimulus between altitude research and the
molecular laboratory.
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29.8.3 Respiratory medicine

Work on the effect of altitude acclimatization on
the control of breathing (Chapter 5) has helped in
the understanding of the changes in control of
breathing in patients with COPD with hypercapnia.
These patients ‘acclimatize’ to a high Pa,CO2 and
their carbon dioxide ventilatory response becomes
blunted, the opposite of altitude acclimatization.
They are then dependent on hypoxia as a drive to
ventilation and may have their breathing depressed
if given high inspired oxygen mixtures to breathe.

In patients with asthma, as the condition wors-
ens, their Pa,O2 falls. At first the Pa,CO2 is reduced
because of the hypoxic drive to ventilation; then,
with increasing airways resistance, Pa,CO2 rises to
‘normal’ and finally rises above normal. Cochrane
et al. (1980) have pointed out that the Pa,CO2 in the
middle of these three stages should be below ‘nor-
mal’, depending on the degree of hypoxia. Drawing
on altitude data, Wolff (1980) gives a predicted
value for Pa,CO2, dependent on Pa,O2. The patient
should be considered to be in respiratory failure if
the Pa,CO2 is above this value. For instance, a patient
with a Pa,O2 of 60 mmHg has a predicted Pa,CO2 of
30 mmHg, assuming full acclimatization to this
degree of hypoxia.

Study of the increasing arterial desaturation
due to diffusion limitations found in climbers on
exercise at altitude (Chapter 6) helps in the under-
standing of the similar problems in patients at sea
level with interstitial lung disease and limited dif-
fusing capacity.

29.8.4 Cardiology

The phenomenon of the hypoxic pulmonary pres-
sor response has been studied at sea level and alti-
tude in humans and animals, with results from
altitude stimulating work at sea level and vice
versa. The insights gained have helped in the
understanding of patients with pulmonary hyper-
tension due to hypoxia secondary to heart or lung
disease or with primary pulmonary hypertension.
The mechanisms involved in pulmonary artery
vasoconstriction and remodeling seen in high 
altitude pulmonary hypertension are likely to be

similar, at the cellular level, to those involved in
primary pulmonary hypertension.

29.8.5 Genetics

Interest in various aspects of altitude research has
stimulated the study of genetics. In the area of
human performance at high altitude the work of
Montgomery and colleagues (1998) on the ACE
gene polymorphism is an example. They showed
that subjects who had climbed to over 7000 m
without supplemental oxygen had a dispropor-
tionate preponderance of the insertion allele. In
the same paper, they showed that soldiers with the
II genotype had significantly greater improvement
in performance after a period of standard physical
training than either ID or DD genotypes. This
paper stimulated much further work on this ‘per-
formance gene’.

The differences in [Hb] between Andean and
Tibetan populations has been studied by a number
of groups (see section 8.5.2) and particularly in
Tibetans there is an important genetic component
(Beall et al. 1998). Also the differences in [Hb]
between Han Chinese and Tibetans (Wu et al. 2005)
must be at least partially genetically determined.

In section 5.5.1 mention was made of the work
by Malik et al. (2005) in identifying a possible gene
(fos-B) necessary for the increase of the hypoxic
ventilatory response (HVR) which is an important
part of altitude acclimatization. This family of
genes is involved, in the brain, with plasticity of
cerebral function, a topic of great current interest
in neurophysiology.

29.8.6 Other areas of clinical medicine

High altitude physiology and medicine have les-
sons for other branches of clinical medicine, for
example:

● Small bowel function, which is possibly
impaired at altitude as well as in hypoxic
patients (Chapter 14)

● Metabolism, in the slower growth of children at
altitude, and patients hypoxic due to congenital
heart disease
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● Reproductive medicine, in the problem of
fertility at altitude

● Endocrinology, in the effect of hypoxia on
various endocrine systems (Chapter 15), and
their counterparts in patients with similar
conditions

However, these fields have been less thoroughly
explored both by high altitude and by clinical sci-
entists. No doubt high altitude has yet more les-
sons to teach clinical medicine in the future.
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SUMMARY

The practical difficulties of carrying out good
research at altitude in the mountains are obvious
and are considered in this chapter. However, there
are many compensations. The difficulties can be
met by careful planning and by choosing projects
and techniques that are appropriate for field work.

The advantages and disadvantages of field versus
chamber studies, including cost, are discussed. There
is a place for both types of study and they are com-
plementary. Most of the techniques of classical car-
diorespiratory and exercise physiology have been
used at altitude. Blood, urine and saliva samples can
be taken, stored and brought back for biochemical
and hormonal analysis. Arterial blood samples have
been taken at over 8000 m. With the advance of elec-
tronics quite sophisticated techniques in sleep stud-
ies, audiometry, visual fields, psychometric testing
and even Doppler echocardiography and near-
infrared spectroscopy have been used in the field.
Laptop computers have been used at great altitudes
and can be used on-line with the more sophisticated
equipment.

In planning either a pure scientific expedition
or one in which science is combined with moun-
taineering, it is important to ensure the support of

all members for the scientific program. This is best
done by communicating the objectives of the pro-
gram to everyone in simple terms and giving all
members (professional and lay) an active role in
the science.

30.1 INTRODUCTION

The problems associated with field research in the
great ranges are obvious and include cold, hypoxia,
fatigue and lack of amenities of civilization such as
piped hot and cold water, reliable electricity sup-
plies, heating, etc. The lack of easy access to spe-
cialist advice from service engineers or colleagues
can be a severe problem. However, there are com-
pensations. Perhaps the greatest is the elimination
of distractions from the work in hand. There is no
commuting to work, no committees, no lectures to
give or attend, no family commitments and little in
the way of social events. Also the camaraderie of the
expedition team can be both wonderfully enjoyable
and productive. Of course the stresses and strains
of living in close proximity with colleagues under
sometimes tough conditions can have just the
opposite effect. The authors have been fortunate in
this respect and this is the more usual experience of



medical scientific expeditions. If the site has been
well chosen there is the added advantage of living
for a while among the grandest and most beautiful
scenery on Earth.

30.1.1 Planning, testing and practice

Many of the data referred to in this book have been
collected on expeditions to the major mountain
regions of the world. Good scientific work under
these conditions can be difficult but is perfectly
possible, providing adequate time, thought and
effort are given to planning and preparation. The
preparation time will be at least 3–6 months for a
small expedition and 2 years or more for a major
scientific expedition.

Increasingly, scientists from Europe and North
America are working in collaboration with col-
leagues in countries with high altitude facilities and
populations. This is especially true for the Andean
countries, Peru, Bolivia and Chile. For instance the
group of J.-P. Richalet from France has worked for
many years with the Instituto Boliviano de Biologia
de Altura in La Paz, or Schoene’s team from USA
with the Renal team from Cayetano University,
Lima working at Cerro de Pasco, Peru. Similarly
teams under the late Jack Reeves and others from
Denver have conducted profitable collaborative
studies in Tibet with local medical colleagues. There
are many other examples and without the active
help of local professionals, providing facilities,
recruiting subjects, and in many other ways, these
studies would not have been possible. As more sci-
entists from these mountainous regions become
interested in the problems of high altitude such
opportunities for collaboration should increase. In
such ventures it is vital that planning be meticulous
and that everyone’s contribution be adequately
acknowledged.

The techniques and apparatus to be used must
be tested adequately beforehand. Many studies
require control measurements at sea level and these
are best carried out using the same equipment as
will be used in the field. Not only are results more
reliable if the same equipment is used, but prob-
lems and deficiencies are identified before leaving
for the mountains. Practice with the equipment in
the comfort of a standard laboratory is also highly
desirable, though not absolutely essential. One of

the authors of this book taught one of the others
the technique of gas analysis using the Lloyd–
Haldane apparatus during the course of their first
Himalayan expedition at 5800 m. Even if study
protocols do not demand control measurements
before leaving, it is advisable to carry out a complete
dummy run of the observations to be made, listing
all the equipment needed, down to the last rubber
band and needle.

30.1.2 Field versus chamber studies

Although this chapter is concerned with field studies
at altitude, much valuable work has been done in
decompression chambers. The advantages of cham-
ber studies over field studies are:

● Rate of ascent and descent, and altitude can 
be controlled to suit the problem under study.

● Other factors such as temperature and
humidity can be controlled.

● More invasive procedures can be justified 
since, in the event of some complication,
help is readily available.

The disadvantages are perhaps not so obvious,
especially to people who have not been involved
with such work. Living for more than a few hours
in a decompression chamber is not pleasant. The
environment is usually noisy, confined and often
smelly – though this is less true of large modern
facilities such as the chamber at Natick, MA, oper-
ated by the US Army Institute of Environmental
Medicine. However, even the largest chamber is
cramped compared with being in the mountains
and it is difficult and very boring to take much exer-
cise. Acclimatization seems to be slower and less
complete in chamber studies than on the mountain.
Values for PCO2 are consistently higher for the same
altitude in chambers than on the mountain. This
may be due to less exercise taken by subjects in
chambers or due to other factors or stresses (Rahn
and Otis 1949, Houston 1988–9, West 1988b). In
studies lasting more than a few hours, boredom, and
hence morale, is a problem. A limiting factor for
chamber studies is the number of subjects that can
be accommodated. This might be less of a drawback
for most physiological studies but it would be
important in studies of acute mountain sickness
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(AMS) where a large number of subjects are needed
to ensure that some have symptoms and others are
unaffected. Finally, chambers are built with specific
tasks in mind; usually their use is geared to short-
term experiments on acute hypoxia and so they
may not be available to altitude scientists for pro-
longed experiments.

In comparing the results of studies carried out in
the field with those done in low pressure chambers,
it is useful to look at the results obtained from the
Silver Hut Expedition and the American Medical
Research Expedition to Everest (AMREE), and com-
pare these with the two major simulation studies to
date, Operation Everest I and II. In many areas, the
results of the two types of studies have been very
similar. For example, the measurements of maximal
oxygen consumption for the inspired PO2 on the
summit of Mount Everest were almost identical in
AMREE and Operation Everest II. However, the two
types of studies have yielded quantitatively different
information in some areas, presumably because of
the different periods of acclimatization. The main
differences are seen in three areas.

ALVEOLAR GAS COMPOSITION

The shorter period of acclimatization in the two low
pressure chamber studies to date resulted in very
different alveolar PO2 and PCO2 values at extreme
altitudes compared with the results from the field
studies (see Fig. 12.4). The differences are particu-
larly marked for Operation Everest I and are dis-
cussed in section 12.3.3.

BLOOD LACTATE CONCENTRATION

Blood lactate concentrations after maximal exercise
were appreciably higher on Operation Everest II
than on the AMREE and extensive field measure-
ments made by Cerretelli (1980). These are shown
in Fig. 12.5 and discussed in section 12.3.4. Again
the differences are presumably due to the shorter
period of acclimatization on Operation Everest II.
This topic is discussed fully by West (1993b).

EXERCISE VENTILATION AT 
EXTREME ALTITUDE

As was pointed out in section 11.3, both the Silver
Hut Expedition and AMREE found a decrease in

ventilation at maximal exercise at extreme altitude
(see Fig. 11.3). By contrast, maximal exercise venti-
lation on Operation Everest II continued to increase
with greater altitude. The reason for the differences
is not clear; it is presumably related to the different
degrees of acclimatization.

30.1.3 Cost

It is often assumed that chamber studies must be
cheaper than field studies. This is not necessarily
the case, long-term studies can be very expensive.
Accounting in both cases is a very inexact science.
The cost of a mountaineering expedition is clear, but
in many cases the climbers are going to the moun-
tains anyway and the scientific work can be carried
out at very little extra cost. Chambers represent a
huge capital cost but usually the altitude scientist is
not called upon to contribute to this. However, even
the running costs of a chamber are not inconsider-
able. Apart from the subjects and scientists, cham-
bers have to manned 24 h a day by teams of highly
trained technicians whose salaries have to be met. If
all expenses are charged realistically to the study,
long-term chamber projects are very expensive.

In summary, chambers are very useful in studies
of acute and subacute hypoxia lasting a few hours.
Their advantage over field studies becomes less as
the duration of the study and the number of sub-
jects increase. Thus the two modes of research are
complementary.

30.1.4 Personnel management

The psychodynamics of a mountaineering expedi-
tion are fascinating and of vital importance in
achieving both climbing and scientific goals, but
too great an emphasis on psychological factors may
well be self-defeating. The essential aspect of lead-
ership of a scientific expedition is to ensure that the
whole team is as fully aware of the scientific pro-
gram as possible and in sympathy with it. Climbers
may be suspicious of scientists but can understand
quite abstruse scientific argument providing terms
and concepts are explained in everyday language.
They are naturally interested in topics such as
AMS, work performance at altitude and the effect
of altitude on various biological systems and can
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become enthusiastic participants, providing the
issues are clearly explained.

Time spent in presenting the scientific program
to the whole team is well spent, as was evident from
experience on the AMREE, where climbers as well
as climbing scientists were enthusiastic about work-
ing on the scientific program as well as climbing
the mountain. In a large party with a number of
scientists it is equally important that the various
scientific members understand the relevance of each
other’s projects and are in sympathy with them.

After presenting the program, the next essential
is to delegate responsibility as widely as possible. It
is highly desirable that every member of the expe-
dition has a job to do in relation to the scientific
program, for two reasons.

WORK LOAD

The programs are usually over-ambitious in terms
of what can be achieved in the time available and,
by sharing the work out, the load on the main sci-
entists is reduced.

COMMITMENT TO THE SCIENTIFIC PROGRAM

By having a designated job, each member feels he
or she is personally committed to the scientific
program, with consequent improvement in morale.
This is particularly important if nonscientific mem-
bers are expected to act as subjects. Having a job to
do as well as being a subject avoids the feeling, ‘they
only want me as a guinea-pig’. There are many jobs
which can be carried out perfectly well by expedi-
tion members who are not scientifically trained,
such as measurement of urine volume or body
weights, or clerking results as another member reads
them off. Even the spinning and pipetting of blood
samples can be quickly taught. A further important
aspect of delegating work as widely as possible is
that it helps to keep the work going should any of
the scientific members be unable to function owing
to illness or accident.

30.2 LABORATORY WORK IN THE FIELD

30.2.1 Laboratory accommodation

However small the expedition, some form of desig-
nated laboratory accommodation is recommended.

For small expeditions this will be a tent; if at all
possible it should be of the type high enough to
stand up in, and have a folding table and chairs.
Cold is a major problem in the mountains. Most
types of scientific work cannot be carried out in
temperatures below 5–10°C, and certainly not below
freezing. Battery operated instruments work poorly
below freezing, plastic bags crack easily and veni-
puncture is difficult because of vasoconstriction.
Under severe freezing conditions blood samples
will freeze and hemolyse. If there is no space heat-
ing available, the time for scientific work will be
limited to the warmest hours of the day. However,
it must also be said that at high altitude the sun is
strong and when it is shining on a tent the temper-
ature rises rapidly inside, even though the outside
shade temperature remains well below zero. On the
Medical Research Expeditions to Chamlang Base
Camp no less than nine frame tents were set up 
at Base Camp (5000 m) in which up to 12 teams
worked successfully. There was also a large dome tent
which was used for a mess tent, communications,
battery and power control facility.

On a large expedition, good laboratory condi-
tions can be achieved by using a modern ‘tent’, such
as a Weatherport (Hansen Weatherport, Gunniston,
CO). This is a tubular aluminum frame with padded
plastic cover made in various sizes which proved
very satisfactory in the Western Cwm in 1981 (West
1985a). On snow, a good floor is a great asset, we
used plywood in the Western Cwm. Heating was
provided by a propane stove of the type designed for
mobile homes in which a heat exchanger heats the
air, which is blown into the tent. In this way there is
no possibility of carbon monoxide from the burn-
ing propane entering the tent. Carbon monoxide
poisoning is a real danger from less sophisticated
forms of heating.

The Silver Hut similarly provided almost ideal
conditions in 1960–61, though at far greater expense.
It was a prefabricated hut made from boxed-up
marine plywood members with foam insulation
within the box sections. A similar hut but using
fiberglass sections was used at Base Camp on the
AMREE and was also successful. Work surfaces,
seating and lighting should also be provided. In
such conditions, the working day can be prolonged
into the night if necessary, allowing more work to be
carried out than in an unheated laboratory, as well
as avoiding the problem of cold as an interfering
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factor if one is studying the effects of chronic
hypoxia.

30.2.2 Electricity supply

Early in the planning of an expedition the decision
will have to be made about whether to use mains
voltage apparatus or to restrict work to battery oper-
ated and non-electrical equipment.

The advantages of mains voltage equipment are
obvious, and certain types of equipment are only
available as mains operated versions. It is possible
to get petrol-powered generators that weigh no more
than one porter load, and on a large expedition this a
possible chosen option. The disadvantages are not
inconsiderable. In order to try to ensure that one
generator is working, at least two must be taken;
even then it is quite likely that both will break
down. Extra spare parts must be taken and at least
one expedition member should be a mechanic with
knowledge of that particular generator. Altitude
affects petrol engines as it does the animal organ-
ism and adjustments must be made to the fuel mix,
usually by changing the jets in the carburetor.
Some generators are available with variable jets, in
which case the settings required for various alti-
tudes should be ascertained before the expedition.
The power output declines with altitude, as it does
in humans, so a more powerful generator must be
taken than would be needed for the same equip-
ment at sea level. Petrol and oil must also be carried.

Alternative sources of electrical power have been
used. In the Silver Hut Expedition much of the elec-
tricity used over the winter was derived from a wind
generator and on the AMREE a battery of solar cells
gave almost 30 A at 15 V. In both cases this power was
fed into 12 V storage batteries and mains voltage was
obtained by using converters. These introduced their
own degree of inefficiency, as well as further expense
and transport penalties. In 1998 on Kangchenjunga
we were able to supply almost all our not inconsider-
able power needs from solar cells because we were
fortunate with the weather. However, this required
discipline in the use of power especially in the morn-
ing to allow the batteries to charge up in the sun after
they had been used at night often for communica-
tion by satellite phone. These alternative sources
cannot be relied upon and petrol generators are
advisable for back-up.

Over the years, electronic equipment has become
more efficient in that less power is required. Solar
cells have become more efficient, cheaper and lighter.
They have also become more robust and can now be
flexible so a large panel can be rolled up for trans-
portation. Thus more equipment can be battery
operated with cells that can be re-charged from solar
panels and the possibility of dispensing with petrol
generators is becoming more feasible.

30.3 RESPIRATORY MEASUREMENTS

30.3.1 Classical methods

Classical measurements of ventilation and oxygen
consumption using Douglas bags, taps and valves are
as easy to carry out in the field as in the laboratory
(providing all the bits are remembered, including the
nose clip). The gas meter will be of the dry type or a
Wright’s respirometer (anemometer) can be used if
care is taken not to empty the Douglas bag too fast
through it (accuracy �2%). The gas analysis is more
of a problem for the physiologist used to using a
mass spectrometer. If mains voltage is available (sec-
tion 30.2.2) an infrared carbon dioxide meter and
paramagnetic oxygen meter can be used, though cal-
ibrating gases will have to be carried. Paramagnetic
oxygen analyzers are available as battery operated
instruments but carbon dioxide meters are not.
Alternatively, one can be really classical and use the
Lloyd–Haldane or Scholander apparatus and analyze
samples chemically though it takes time to become
proficient in their use and the analyses are very time
consuming.

Care should be taken with modern Douglas bags.
The plastic that is used now for these bags is much
less likely to become hard and brittle in the cold than
was previously the case but care may be needed if
overnight temperatures have been very low. A repair
kit should be taken which should include duct
(gaffer) tape.

30.3.2 Electronic spirometers and
oxygen uptake systems

Ventilation can be recorded using one of a number
of electronic spirometers, though the resistance of
some commercially available models is not well tol-
erated at the very high ventilation found in climbers
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exercising at altitude. Such an electronic spirometer
was successfully used by Pizzo near the summit of
Everest (West et al. 1983c).

The Oxylog was a portable electronic instru-
ment (no longer available) giving a continuous
read-out of minute ventilation and oxygen con-
sumption (updated each minute), and the total
ventilation and oxygen consumption since it was
last reset. The subject wore a mask, into the inspira-
tory port of which is fitted an electronic spirometer
or anemometer. The output (V and VO2) could be
recorded for hours on a portable tape recorder. It
was accurate for sub-maximal work rates (Milledge
et al. 1983c) but is not suitable for VO2,max measure-
ments. However, other devices are now on the mar-
ket, one such is the Viasys Oxycon Mobile which
does the same job and, of course, has added features
and associated software for downloading to a 
computer. It can be used up to maximum work and
ventilation rates for measurements of VO2,max. It has
been tested in a chamber to 5500 m and in temper-
atures from �10 to �50°C but has not been used at
altitude on the mountain yet.

30.3.3 Alveolar gas sampling

Alveolar or end-tidal gas samples have been taken
from subjects at altitude on a number of expedi-
tions, in 1981 from the summit of Everest itself.

Glass ampoules were successfully used on a num-
ber of expeditions, including the Silver Hut Expedi-
tion, when samples were brought back from 7830 m.
These were of 50 mL capacity and had a stem with
two necks in it. The ampoules were pre-evacuated
before leaving. In the field, a Haldane–Priestley
sample was delivered down a tube with the ampoule
attached to a side arm by a short length of pressure
tubing. Surgical forceps were then used to break the
glass within the pressure tube and the sample
entered the ampoule. With the rubber tube clamped
the ampoule was brought back to base where, with a
suitable gas flame, the ampoule was sealed at the
lower neck and transported back for analysis.

On the AMREE 1981, 20 mL aerosol cans of the
type used in asthma inhalers were used. These
cans, supplied by the pharmaceutical industry,
had the metering device removed and were then
pre-evacuated. They were shown to hold their vac-
uum for at least 6 months. In the field, the simplest

apparatus involved merely a T-shaped piece of tub-
ing into the stem of which the can was fitted with its
nozzle resting on a shoulder. The subject delivered a
Haldane–Priestley alveolar sample across the T to
which was added a soft, wide-bore tube; the can was
then depressed, which opened its valve, and the
sample entered the can. Releasing the can sealed it
again and it was then transported back for analysis.

The actual device used on the summit of Everest
was rather more complicated (West 1985a); it held
six pre-evacuated cans in a rotating cylinder to which
two handles were attached. The subject exhaled
across the top of the cylinder through two one-way
valves and the end-tidal gas was caught between
them. On squeezing the handles, one can was opened
and a sample taken. On releasing the handles the can
was closed; the cylinder rotated to present the next
can for a second sample (Maret et al. 1984).

Analysis at the home institute was by mass spec-
trometry using a special inlet device which would
accept the aerosol can. The sample volume at sea
level pressure would be only 5–7 mL but adequate
for analysis.

If rapid carbon dioxide and oxygen analyzers
are taken, end-tidal gases can be measured over
sufficient time to be sure of a steady state.

30.3.4 Pulse oximetry

The pulse oximeter allows the easy measurement of
arterial oxygen saturation with a very lightweight
battery powered instrument. There are many mod-
els on the market now and most are accurate and
reliable. They also read heart rate. Many also have
data storage facilities and data can be downloaded
into laptop computers. This allows them to be read-
ily used for sleep studies. They are not suitable for
ambulatory measurements, though they can be used
during exercise on a cycle ergometer. The sensors
are made for use either on the finger or earlobe, the
former being usually preferred. It is essential for the
finger to be warm in order to get a good signal.

30.4 CARDIOLOGICAL MEASUREMENTS

30.4.1 Electrocardiography (ECG)

The ECG is easy to record at altitude, either the clas-
sical 12-lead ECG at rest, or ambulatory recording
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over many hours. Such recordings have been made
on Everest climbers (West et al. 1983c). The pulse
rate can be obtained from such recordings. Com-
puter analysis can be carried out looking for arrhyth-
mia and spectral analysis of R–R intervals, etc. Care
is needed in the electrode placement and attach-
ment (as at sea level).

30.4.2 Echocardiography

Until recently the size, weight and complexity of
ultrasound machines for conducting echocardiogra-
phy were such that there was no question of using
this technique in the field. However, machines are
getting smaller, lighter and more reliable and it can
now be considered as a possibility. Such a machine
was used by Dubowitz at the Himalayan Rescue
Association Clinic at Pheriche (4243 m) to complete
a study measuring pulmonary artery pressure by
Doppler echocardiography in trekkers on their way
to Everest Base Camp (Dubowitz and Peacock 1999).
The same machine was taken to Kangchenjunga
Base Camp (5100 m) but unfortunately developed a
fatal electrical fault soon after the study started but
was used successfully on the Chamlang Expedition
(Dubowitz et al. 2004). There are now machines
which weigh as little as 4 kg.

30.4.3 Cardiac catheterization

More invasive cardiac techniques, such as right heart
and pulmonary artery catheterization, have been dis-
cussed and, though possible under field conditions
with mains voltage electricity available, are probably
not justified, though this is debatable. Catheterization
has been carried out in chamber studies, most exten-
sively in Operation Everest II (Houston et al. 1987); in
skilled hands it carries very little risk.

30.5 SLEEP STUDIES

Sleep studies have been carried out on a number 
of expeditions where mains voltage was provided
(Chapter 13). ECGs, electroencephalograms (EEGs),
electro-oculograms, ear and pulse oximetry and 
respiratory movements have all been monitored
simultaneously and recorded on tape and paper

while the subject was asleep. Most of this monitor-
ing can now be carried out with battery operated
instruments but it is important that some way of
monitoring the signals during the recording is pro-
vided, even if the analysis from tape is left until after
the expedition. One such system is the Vivometrics
Lifeshirt® (Vivometrics; Ventura, CA, USA). It uses
the principle of inductive plethysmography first
developed by Dr F. Stott (Milledge and Stott 1977)
to record chest and abdominal movement and
hence tidal volume, respiratory rate and ventilation.
ECG and other sensors are available to provide
additional physiological monitoring. This system
was used on the recent Cho Oyu Expedition (2005)
mentioned below. It worked well, except when an
attempt was made to use it on the summit day when
it failed, possible due to the cold.

30.6 BLOOD SAMPLING AND STORAGE

30.6.1 Venipuncture

There is little problem in performing venipuncture
in the field. Two physician climbers took samples
from each other on the South Col of Everest the
morning after climbing to the summit (Winslow 
et al. 1984). ‘Vacutainer’ systems using pre-evacuated
tubes and double-ended needles are particularly
convenient, as the sampling tubes are used for 
centrifuging. They fill (from the vein) perfectly well
at altitude.

30.6.2 Centrifuging blood samples

If mains voltage is available, a small electrical cen-
trifuge can be used and this presents no problem.
Hand centrifuges can be used but require quite a
lot of muscle power. They need to be spun very
vigorously for 15–20 min; even then the cells are
not as tightly packed as by even the lowest powered
electrical centrifuge. This means that the yield of
plasma is less, typically a maximum of 5 mL from
10 mL of blood. When subjects become poly-
cythemic the problem becomes worse.

These hand centrifuges usually take four 10 mL
tubes compared with six or eight in the small elec-
trical centrifuges; they are really intended for spin-
ning urine samples and are not designed for such
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vigorous spinning. Older designs with brass gears
and cast metal casings stand up better than do
modern models with nylon gears and plastic cases.
A firm bench on which to clamp the centrifuge is
essential. However, with all these drawbacks, hand
centrifuging of blood is possible if mains voltage is
unavailable. A dry-battery centrifuge is not a viable
possibility.

30.6.3 Arterial blood sampling and
analysis

If the usual precautions are taken and if the doctor
is experienced in the procedure, there should be no
problem in arterial puncture in a base camp set-
ting. Arterial cannulation is more hazardous and
its justification in the field is debatable.

There has been recent interest in the possibility
of obtaining arterial blood samples at extreme 
altitude and even on the summit of Mount Everest
(Catron et al. 2006). In preparation for attempting
this on an expedition in 2007 (Xtreme Everest
Project), a group from the same team went to Cho
Oyu in the autumn of 2005. They ascended the
mountain with Sherpas and on the flat summit
erected a small tent. In it, one climber breathing oxy-
gen at 4 L min�1 successfully carried out a femoral
artery puncture on another climber, obtaining a
good sample of arterial blood. Both operator and
subject were doctors. The sample was transported
to Camp 1 (6100 m) in ice, within 4 h by a Sherpa.
A full report, with practical details, is available.
(www.Xtreme-everest.co.uk). The apparatus used
by the Cho Oyu team was the i-STAT. The i-STAT
Blood Gas Analyzer is a portable hand-held unit
designed to analyze blood chemistries and blood
gases. The unit uses cartridges and a very small
amount of blood to analyze various parameters in
the blood depending upon the cartridge being used.
The unit runs on two 9 V lithium batteries and
weighs about 570 g. It has been shown to give com-
parable results to that of a conventional laboratory
blood gas analyzer (Sediame et al. 1999). The stor-
age of the cartridges presented problems because
they have to be kept at refrigerator temperatures.
The system worked well up to Advanced Base Camp
(5700 m) but failed at Camp 1 probably as a result of
damage to the cartridge, so PO2 from the summit

sample was not obtained though arterial pH and
PCO2 were.

30.6.4 Sample storage

Plasma, serum and urine samples can be deep frozen,
stored and transported back to the home laboratory
by using liquid nitrogen in a suitable container. In
previous editions of this book we described how a
portable deep-freeze container could be made by
using a 28 L liquid nitrogen flask (often called a
Dewar flask) and packing it with dry ice (solid 
carbon dioxide). This gave up to 130 days of use.
However, dry ice is no longer readily obtainable
(presumably because of the ready availability of
freezers) so this method has now been abandoned.
There was also the disadvantage that, although the
necks of these flasks were quite narrow, they could
not be tightly sealed because the nitrogen could not
evolve and there would be danger of explosion.
Therefore there was always the potential for spillage
of liquid nitrogen and harm to porters, though I
know of no such accident ever happening.

However, systems have now been developed for
the safe transport of deep-frozen samples using liq-
uid nitrogen trapped in an absorbent matrix inside
a vacuum container. One such commercial system is
called a Cryopak. Much of the capacity of the flask is
taken up with the filler material and there is quite a
small well for the samples. The makers supply a vial
holder or canister, which slides into this well and
takes sample vials. This allows vials to be removed,
inspected, sampled and replaced but further reduces
the capacity of the flask. Alternatively the canister
can be dispensed with and vials just thrown into the
well. This allows more samples, but at the risk of los-
ing labels, and makes sorting more of a problem.
There is a range of flask sizes with capacity ranging
from 30 to 324 2-mL vials. The gross weight when
charged with nitrogen ranges from 7.3 to 22.7 kg.
The static holding time (full of liquid nitrogen) is 30
days but the working time (absorbed nitrogen only,
empty well) is only 21 days. The flask, of course, can
be topped up with liquid nitrogen. This system is
safer than the previous one, since once any excess
liquid nitrogen has evolved, there is no risk of
spillage. This means that they can be freighted on
aircraft as normal, instead of going as ‘dangerous
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goods’ and, of course, they are safer as porter loads.
This system was used on the 1998 Kangchenjunga
Expedition. The more limited time available is a
disadvantage and without the benefit of helicopter
freight and topping up we would have had diffi-
culty in keeping our samples frozen until return to
London.

Samples should be taken into PTFE tubes with
good screw caps. Tubes should have a matt surface
for labeling, which should be done in pencil; they
should then be covered in low temperature adhesive
tape. During transportation (if the canister or holder
is dispensed with) these tubes are constantly chafed
together, and unless the labels are firm they will
come off or run and all will be lost. It was found that
pencil under low temperature clear adhesive tape
was safe.

For shorter periods of up to 1–2 weeks, it may 
be adequate to use polystyrene boxes of dry ice.
Although the newer Cryopak flasks are not treated
as ‘dangerous goods’, airline regulations are fre-
quently changed and anyone planning to use these
or other systems should check the current regula-
tions with the airline they are using, including the
container requirements in force. Airlines are usually
familiar with handling ‘medical samples’ in this way
but expect to deal with recognized shippers. The
bureaucracy and expense of such a shipment are not
inconsiderable; delays of a few days at each end can
be anticipated and must be allowed for in calculat-
ing the time available at deep-freeze temperature.

30.7 HEMATOLOGY

Much hematology can be done with quite simple
equipment in the field. Battery operated micro cen-
trifuges for packed cell volume are available com-
mercially. Hemoglobin can be measured by the
cyanmethemoglobin method and a battery oper-
ated spectrometer. Cell count can be carried out by
classical microscopy techniques. With mains voltage
electricity and PO2 electrodes, the oxygen dissocia-
tion curve and P50 can be measured (Winslow et al.
1984).

30.8 COMPUTERS

Laptop or notebook computers are now common-
place on expeditions. They are now reasonably 
reliable and robust and, compared with much scien-
tific equipment, they are quite cheap. Their power
requirements are not great. If generators are being
taken there is no problem; otherwise their batteries
can be recharged from solar panels if necessary.
Therefore there need be no hesitation in including
computers in expedition equipment. Like all battery
operated apparatus they work better at comfortable
temperatures but are no more fussy than ECG
machines, for instance. Computers have many appli-
cations, from writing reports to online control of
other equipment. They are good for storing data, on-
or off-line with back-up on discs. If more than one
computer is to be taken, as is likely, it is worth ensur-
ing that the same programs are installed on all of
them so that one can act as a back-up for any other
machine.

30.9 OTHER AREAS OF SCIENTIFIC STUDY

The areas of research mentioned are the classical
ones for altitude research. As more workers from
different fields have become interested in the effects
of altitude hypoxia on other systems of the body,
more techniques have been used in the mountains.
Psychomotor testing equipment has changed from
clipboard, stopwatch and pencil to computers.Visual
field testing, retinal photography, audiometry and
measurement of balance or sway have been made
using computer based systems. Overnight cough fre-
quency has been monitored with voice activated
battery tape recorders and cough threshold meas-
ured with nebulized citric acid solutions. Even near-
infrared spectroscopy has been used to measure
brain oxygenation at altitude in the field (Imray et al.
2000, Chan et al. 2005). All these applications of
modern electronics, and others, show how the possi-
bilities for research at altitude have expanded. The
future of the subject is only limited by the imagina-
tion of researchers and should be bright indeed.
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Zieliński J., Koziej, M., Mańkowski, M. et al. (2000) The
quality of sleep and periodic breathing in healthy
subjects at an altitude of 3200 metres: sleep at high
altitude. High Alt. Med. Biol. 1, 331–6.

Zimmerman, G.A. and Crapo, R.O. (1980) Adult
respiratory distress syndrome secondary to high
altitude pulmonary edema. West. J. Med. 133, 335–7.

Zuntz, N., Loewy, A., Müller, F. and Caspari, W. (1906)
Höhenklima und Bergwanderungen in ihrer Wirkung
auf den Menschen, Bong, Berlin. An English
translation of the relevant passages can be found in
High Altitude Physiology (ed. J.B. West), Hutchinson
Ross, Stroudsburg, PA, 1981.

References 469



This page intentionally left blank 



Index

abortion 237–8
acapnia 10, 180
acclimatization 39–47

acid–base balance during 126
adaptation and 42–3
adrenergic response and 213
alveolar gases and 62
blood pressure 93–4
carbon dioxide ventilatory

response and 63
cardiac function during 86–7
carry-over 46–7
commuting miners 362–3
definition 40
factors affecting 45, 350, 358
heat 326
historical studies 11, 12
hypoxic ventilatory response and

56–8
oxygen transport system 43–5
rate 40–1
respiratory 53, 56
tissue 132–3

acclimatized lowlanders
acid–base balance 126–8
cardiovascular function 87,

88–9, 90–2, 94
energy balance 190
exercise 40, 151, 152, 154–5, 159
hematological changes 108–9, 111
oxygen affinity of hemoglobin

122–4
periodic breathing 182–3, 184–5
peripheral tissue changes 136
pulmonary circulation 95–6,

101–2
pulmonary gas exchange 70–2,

78–9
ventilation in acute normoxia

62–3

ventilatory adaptation 59, 66
weight loss 193–4

ACE see angiotensin-converting
enzyme

acetazolamide
AMS treatment 267, 356
chronic mountain sickness 303
periodic breathing and 187
prophylactic use 264–6, 289, 341
renal function and 218, 219,

265
side effects 265, 328

acetylcholine 223
acid–base balance 126–9

COPD patients 381
at extreme altitude 167–9
historical studies 119
renal control 129, 218
see also respiratory alkalosis

Acosta, Joseph de 2–4, 162
acute mountain sickness (AMS)

251–69
age and 254, 358
anorexia 190, 192–3, 264
cerebral blood flow and 226,

259–61
children 254, 269, 355–6
commuters to high altitude

364–5
COPD and 382
definition 252–3
endocrine changes 204, 205,

210, 213
etiology 253–6
fluid balance and 197–8, 256–9
gender and 254, 350
HACE and 271–2
historical reports 2–4, 8, 10, 252
hypobaric versus normobaric

hypoxia 42

hypoxic ventilatory response and
59–60, 255

incidence 253
mechanisms 256–64, 275–6
neuropsychological function

228
nomenclature 252
plasma volume 108
prevention 45, 264–6
proteinuria 218–19, 263
pulmonary diffusing capacity

78–9, 256
scoring 267–9
signs and symptoms 253
treatment 266–7

adaptation 41, 42–3
adrenal gland 212
adrenaline see epinephrine
adrenarche 240
adrenocorticotrophic hormone

(ACTH) 209, 211, 212
age

acclimatization and 45, 358
acute mountain sickness and

254, 358
chronic mountain sickness 

and 305
hypoxic ventilatory response 

and 55–6
structure, high altitude 

populations 236
see also children; elderly

agriculture 33–4
air microembolization, pulmonary

297
air pump 5–6
air transport, medical samples

396–7
air travel 226–7, 342–3
albedo 25



alcohol 330, 333
aldosterone 207, 208–9, 259
alkalosis, respiratory see respiratory

alkalosis
alpha-blockers 290, 297–8
Alps, European 8, 28, 33
altimeters 19
altitude

acute mountain sickness and 253,
254

barometric pressure and see under
barometric pressure

equivalent, oxygen-enriched air
366–7

highest human habitation 27–8,
47

optimum, athletic training 375
alveolar fluid clearance (AFC) 287
alveolar gas equation 70
alveolar gases

acclimatization and 62
acute hypoxia versus acclimatiza-

tion 70–2
at extreme altitude 166–7, 168
field studies 391, 394
see also under partial pressure of

carbon dioxide; partial 
pressure of oxygen

alveolar hemorrhage 296
alveolar ventilation equation 70
American Medical Research

Expedition to Everest (1981)
(AMREE) 14, 22, 165, 391,
394

see also Everest, Mount
amnesia, transient global 314–15
amputations 317, 333, 334
AMS see acute mountain sickness
anaerobic performance 159, 373
anal disorders 345–6
Andes 29–30, 32

agriculture 34
chronic mountain sickness 301,

303
clothing 37
fetal/childhood development

237–9
hematological indices 111–12,

242
hypoxic ventilatory response 58,

59, 241
lung development/function 240
populations 30–1, 236

anemia 344, 384, 385

anesthesia 322–4
Ang Rita, Sherpa 21, 24
angina 245, 338
angiogenesis 138, 223–4, 276
angiotensin I/II 206–7, 209
angiotensin-converting enzyme

(ACE) 206, 209
gene polymorphisms 157, 288,

309, 386
inhibitors 219

animals
husbandry 33–4
hypoxic pulmonary 

vasoconstriction 94–5, 243–4
oxygen affinity of hemoglobin

77, 120–1
pulmonary hypertension 94–5,

308–9
tissue changes 136, 140, 141
see also cattle; llamas; yaks

anorexia 190, 191–2
altitude deterioration 48
in AMS 190, 192–3, 264
COPD patients 383

ANP see atrial natriuretic peptide
Antarctica 33, 182
antibiotics 291
anticoagulants 319, 344
antidiuretic hormone (ADH) 

(vasopressin) 106, 129,
204–6, 258, 259

aortic bodies 52, 53, 55
aphasia (dysphasia) 222, 231, 313,

318
appendicitis 346
appetite, loss of see anorexia
arginine vasopressin see antidiuretic

hormone
arrhythmias, cardiac 92–3, 183
arterial blood gases

acclimatized lowlanders 128
chronic mountain sickness 302,

304
commuters to high altitude 365
COPD patients 381
during exercise 154–5
high altitude pulmonary edema

283
high altitude residents 127
see also under partial pressure of

carbon dioxide;
partial pressure of oxygen

arterial blood sampling/analysis 396
arthritis 346

ascent rate 45, 253, 264, 288
aspirin 266, 267, 345
asthma 341, 386
astronomy 71, 227, 360, 364–5,

368–9
ataxia 272, 273
atherosclerosis 245
athletes 371–7

hypoxic ventilatory response 55
mountaineers as 372
pre-acclimatization 46
training see training, athletic

athletic performance see exercise
performance

atmosphere 15–25
model 19, 22–3
standard 18–19

atrial bigeminy 93
atrial natriuretic peptide (ANP)

105, 106, 208, 209–11, 259
Aucanquilcha mine, Chile 147, 201,

227, 241, 360–1
autonomic nervous system 91,

211–14

balloonists, early 7–8, 67–8, 222
Barcroft, Joseph 10, 11–12, 69,

118, 178
barometer, invention 4–5, 16
barometric pressure

and altitude 15, 16–24
history 5, 16–17
at important locations 21–2
model atmosphere equation

22–3
physical principles 17–18
physiological significance 23–4
seasonal variation 20–1, 165
standard atmosphere 18–19
variation with latitude 20, 21

anesthesia and 322, 323
at extreme altitude 165–6
and inspired PO2 19, 23
low 15–16, 41–2

basal metabolic rate (BMR) 38,
190–1, 214

base excess 128, 129, 167–8, 218
behavior, irrational 272, 282
Ben Nevis, Scotland 32
benzodiazepines 187
benzolamide 265
Bert, Paul 7, 8–9, 385

on hyperventilation 68, 179
oxygen dissociation curve 117–18

472 Index



Bhutan 37, 236, 245, 247, 248
bicarbonate ([HCO3-])

brain (CSF) 64–6, 223, 381
plasma 126, 128, 129, 218, 381
renal excretion 129, 168, 218

birds 121, 137
birth defects 245
birth weight 238–9
Black, Joseph 7
Blanchard, Jean 7
blood

clotting 115, 261–2, 315–16
oxygen-carrying capacity 103–4,

113, 114
sampling and storage 395–7
viscosity 113, 226, 302

blood boosting (doping) 114, 374
blood disorders 344–5
blood-gas barrier 72, 100

diffusing capacity (DM) 74, 151
see also pulmonary capillaries

blood-gas transport 117–29
blood gases, arterial see arterial

blood gases
blood pressure (BP) 93–4, 212

altitude deterioration 48–9
AMS/HACE and 255, 261, 275–6
chronic intermittent hypoxia 

and 362
high altitude pulmonary edema

282
variability 213, 255

blood volume 108, 109
body build, AMS and 254
body composition 194–5
body temperature

acute mountain sickness 253
heat stroke 327
high altitude pulmonary edema

282
hypothermia 331
inspired PO2 and 23
maintenance 326, 330

Bohr, Christian 11, 68–9, 118
Bohr effect 118, 120, 121
Bohr integration 73
Bolivia 237, 238–9, 361
Boyle, Robert 2, 5, 6, 16
Boyle’s law 16, 17
bradykinin 216–17
brain

bicarbonate 64–6, 223, 381
effects of hypoxia 223–6
histological changes 224

intracellular pH 66
ionic changes 223
space occupying lesions 314
tight fit hypothesis 276
see also central nervous system

branched chain amino acids (BCAA)
197

breathing
control during sleep 184–5
mechanical power, at extreme 

altitude 171
pattern, during exercise 150
periodic see periodic breathing
work of 149, 150, 381

breathlessness
acute hypoxia 40
high altitude pulmonary edema

281, 282
historical accounts 68

brisket disease 86, 244, 307, 308
bronchitis, chronic 247, 341–3,

380–3
bronchoalveolar lavage (BAL) 293,

295
burning feet/hands 301, 302

calcium 97–8, 223
calcium channel blockers 98, 289
caloric balance 191–2
Capanna Margherita, Italy 9–10,

179–80
capillaries

density 136–8, 195, 224
peripheral tissues 133, 134–5
permeability see vascular

permeability
placental 84
pulmonary see pulmonary 

capillaries
carbohydrate

absorption 195–6
dietary intake 199–200, 254–5
metabolism 215, 351

carbon dioxide 7
diffusion in tissues 133
partial pressure see partial 

pressure of carbon dioxide
pulmonary diffusion 72, 75
ventilatory response (HCVR)

63–6
carbon monoxide 72, 76

diffusing capacity of lung see
pulmonary diffusing capacity

cardiac arrhythmias 92–3, 183

cardiac catheter studies 284, 395
cardiac function 86–93, 386

altitude training and 374
measurements in field 394–5
plasma volume and 109

cardiac output 86–9
acclimatization 44, 86, 87–9
during exercise 87–8, 152
at extreme altitude 169–70, 173
heart conditions with low 384
pulmonary vascular resistance

and 96
cardiorespiratory resuscitation 332
cardiovascular disease 245–6,

338–40
cardiovascular system 85–102

high altitude residents 87–9, 92,
93, 242–3

responses to exercise 87–8, 92,
152–4

carotid bodies 52, 53–5
during acclimatization 56–7
chemodectoma 242
denervation 56, 61
hyperplasia/hypertrophy 55, 242

catechol O-methyltransferase 213
catecholamines 212, 213, 223, 351

see also norepinephrine
cattle 86, 140, 244, 307, 308
central nervous system (CNS)

221–33
chemoreceptors 63–4
function see neuropsychological

function
mechanisms of action of hypoxia

223–6
respiratory center 57
see also brain

centrifuges, field 395–6
cerebral blood flow (CBF) 55,

224–6, 232
acetazolamide action 265–6
AMS/HACE and 226, 259–61,

275–6
chronic mountain sickness 305
COPD patients 382
retinal hemorrhage and 319–20

cerebral edema
age and 358
in AMS 258, 259–60, 261
cytotoxic versus vasogenic 275
high altitude see high altitude

cerebral edema
mechanisms 263, 275–7

Index 473



cerebral ischemia, transient 222,
223–4

cerebral venous thrombosis 276, 314
cerebrovascular accident (stroke)

313, 314, 316–17, 318
Certec bags 291
Chajnantor, Chile 71, 365, 368–9, 370
chamber studies 13, 14, 171–4

history 8, 9, 19
versus field studies 390–1

Charles, Alexandre 7
Charles’ law 17
chemodectoma, carotid body 242
chemoreceptors

central 52, 55, 63–4
peripheral 52, 53, 55, 56, 322

chest development 80, 240
chest pain 282, 318
Cheyne–Stokes breathing 179
children 353, 354–7

AMS 254, 269, 355–6
cyanotic heart disease 384
growth 239–40, 361
hypothermia risk 330
pulmonary hypertension 308

Chile 34, 361–4
Chimborazo 8, 68, 86, 162
Chinese Headache Mountains 2
Cho Oyu 13–14, 147, 396
cholecystokinin 190, 192–3, 264
chronic mountain sickness (CMS)

300–6
atrial natriuretic peptide 210
definition 301
epidemiology 303–4
hemodynamics and pathology 302
historical reports 13, 300–1
investigations 302
mechanisms 304–6
polycythemia 113, 302
prevention 302
proteinuria 219
pulmonary hypertension 302, 306
scoring 304
signs and symptoms 301–2
treatment 302–3
vascular type see pulmonary

hypertension,
high altitude

chronic obstructive pulmonary 
disease (COPD) 247, 341–3,
380–3, 386

citric acid (Krebs) cycle 141–3
climate 32–3

climbers, mountain see mountaineers
clinical medicine, lessons for/from

379–87
clothing 37, 330, 332, 333, 356
clotting, blood 115, 261–2, 315–16
clubbing, finger 301
CMS see chronic mountain sickness
CNS see central nervous system
coagulation, blood see clotting, blood
coarctation of aorta 340
cobalt, CMS and 305
coca 266
cognitive function see

neuropsychological function
cold 38, 330–5

children and 356
pathological effects 330–5
physiological response 330
thrombosis risk 316

cold injury 333–5, 351
Collahuasi mine, Chile 361–4
Colorado, USA 24, 236, 301, 303–4,

361
commercial activities 361
commuting, high altitude 359–70
computers 397
confusion, mental 272, 273, 282,

331
congenital heart disease 245, 340,

384
consciousness, loss of

acute hypoxia 40, 222
high altitude cerebral edema 272,

273
hypothermia 331

contact lenses 320
COPD see chronic obstructive 

pulmonary disease
cor pulmonale 247, 343, 382

see also pulmonary hypertension,
high altitude

cornea 320–1, 329
coronary angioplasty 339
coronary artery disease 245, 338–40,

384
coronary bypass surgery 339
coronary circulation 93
cortical blindness 315
corticosteroids 211, 290
cortisol 211
cosmic radiation 25
cost, field versus chamber studies

391
cough 281, 318, 319–20, 321–2

Coxwell, Henry 7, 222
crackles, pulmonary 281, 282
cramps, heat 327
cranial nerve palsies 315
cranial vault capacity 276
cretinism, endemic 248
Crocé-Spinelli, Joseph 7–8
Crohn’s disease 345
Cryopak system 396–7
cyanate 124, 156
cyanosis 67–8, 273, 282, 301
cyanotic heart disease 384
cystic fibrosis 343

Dalton’s law 18
de Saussure, Horace-Bénédict 8,

68, 162
deacclimatization 46–7, 363
deer mice 121
dehydration 197–8, 218

acid–base balance and 129, 168
humidity and 24–5
thrombosis risk 316

Denali see McKinley, Mount
dental problems 249, 346
deterioration, high altitude 47–9
detraining 376
dexamethasone

AMS 266, 267, 356
high altitude cerebral edema 273,

274, 276
high altitude pulmonary edema

290
diabetes mellitus 215, 345
diarrhea 345
diet 199–201, 254–5
diffusing capacity

blood-gas barrier (DM) 74, 151
lung see pulmonary diffusing

capacity
oxygen, peripheral tissues 155–6

diffusion
Fick’s law 72, 133, 155, 156
peripheral tissues 133–5
placental 84, 238
pulmonary see pulmonary 

diffusion
diffusion limitation

carbon dioxide transfer in lung
75

index (Ldiff) 75, 76
oxygen transfer in lung 74–8

during exercise 75–6, 81, 151
at extreme altitude 173

474 Index



at high altitude 81–2
oxygen affinity of hemoglobin

and 76–8
perfusion limitation and 75–6
ventilation/perfusion 

inequality and 83–4
oxygen transfer in tissues 155–7

digoxin 291
Dill, D.B. 12, 301
2,3-diphosphoglycerate (DPG) 44,

118, 385
acclimatized lowlanders 123–4
biosynthesis 120
fetal animals 77, 121
oxygen affinity of hemoglobin

and 119, 120
sickle cell disease 249

diuresis 108, 205, 209, 257
diuretics 274, 290–1
dopamine 54
doping (blood boosting) 114, 374
Douglas, C.G. 10, 11
Douglas bag 11, 393
2,3-DPG see 2,3-diphosphoglycerate
dry eye syndrome 320
dry ice 396
dysphasia see aphasia
dyspnea 282, 380–1

see also breathlessness
dzo 244

echocardiography 395
economics 33–4
edema

periorbital 258, 259
peripheral (dependent) 86, 257,

258, 259, 381–2
see also cerebral edema;

pulmonary edema
ejection fraction, ventricular 92
elderly 353, 357–8

cardiovascular disease 338
hypothermia risk 330
see also age

electricity supply, field studies
393

electrocardiography (ECG) 101–2,
394–5

cardiac arrhythmias 92–3
chronic mountain sickness 302
high altitude pulmonary edema

283
high altitude residents 243
testing, pre-travel 340

electroencephalography (EEG)
181–2, 224, 229

electron transport chain 141–3
emphysema 247, 341–3, 380–3
endocrine system 203–18, 387
β-endorphin 211
endothelin (ET; ET-1) 215–16,

238, 287
energy

balance 190–2
expenditure 149, 190–1, 243, 351
intake 191–2
metabolism 141–3

ENT conditions 346
Environmental Symptom

Questionnaire (ESQ)
267, 269

enzymes 141–3, 173
epilepsy 346–7
epinephrine 91, 212
EPO see erythropoietin
equator, barometric pressure 20
equivalent altitude, oxygen-

enriched air 366–7
erythrocytosis, excessive see chronic

mountain sickness
erythropoiesis 104, 109–11
erythropoietin (EPO) 104–5,

109–11
altitude training and 374–5
chronic mountain sickness and

305, 306
COPD patients 381
on descent from altitude 114
doping 114
effect on 2,3-DPG levels 123
neuroprotective effect 224
serum immunoreactive (SiEp)

109, 110–11
stimuli to production 109–10

estrogen 215
Ethiopian highlands 30, 236, 244
Everest, Mount 28, 163–4

acid–base balance 128, 168, 169
altitude deterioration 47, 48–9
alveolar gases 166–7
ascents by women 349
ascents without supplemental

oxygen 21, 148,
164, 372

barometric pressure 17, 20, 22,
165–6

predictions 15, 19, 165
seasonal variation 21, 165

blood-gas transport 118–19
cardiovascular function 86, 87,

88, 92–3, 101–2
endocrine changes 205
energy balance 191, 192, 193–4
exercise capacity 146, 147–8,

149–50, 157–9
fluid balance 24–5, 197
heat loss by hyperventilation

170–1
hematological studies 108, 111
hypoxic ventilatory response 60,

61, 167
load-carrying by porters 35, 36
neuropsychological function

222, 229–31
oxidative enzymes 141–3
oxygen affinity of hemoglobin

123–4, 126
oxygen uptake limitations 174–5
pulmonary gas exchange 70,

74–5, 77–8, 81–2
scientific expeditions 13–14,

394, 395, 396
sleep 183, 186
temperatures 24, 33
water vapor pressure 23
see also extreme altitude;

Operation Everest studies
evoked potentials 224
exercise 145–59

acute mountain sickness and
256, 257–8

altitude deterioration and 48
arterial blood gases 154–5
asthma and 341
blood lactate 154–5, 169
cardiovascular responses 87–8,

92, 152–4
cerebral blood flow and 276
endocrine responses 204, 210,

212, 213, 217
erythropoietin and 109
field versus chamber studies 391
fluid balance 25, 198, 257
HAPE and 288–9
heart rate 90–1, 152, 153
highlanders 146, 147, 241
historical studies 12, 146–8
nutrition and metabolism 191,

200
oxygen affinity of hemoglobin

124, 125
oxygen transport system 43, 44

Index 475



exercise (continued)
peripheral tissue changes and

155–7
plasma volume and 107
pulmonary gas exchange 75–6,

78, 79, 81, 82, 151–2
renin–angiotensin–aldosterone

system 207–8, 257
thrombosis risk and 316
ventilation during 40, 60,

148–50, 391
see also oxygen consumption,

maximal
exercise performance

ACE gene and 157
altitude training and 373
anaerobic 159, 373
athletes, at high altitude 371–2
blood boosting and 114
chronic intermittent hypoxia 

and 362
COPD patients 380–1
elderly 357–8
hemoglobin concentration 

and 113
hypoxic ventilatory response 

and 60–1
limitation at extreme altitude

174–5
women 349–50

expiratory positive airways pressure
291

extracellular fluid (ECF) volume
207, 208, 257, 258, 259

see also plasma volume
extreme altitude 161–75

high altitude deterioration 47–9
history 162–4
limits on exercise performance

174–5
physiology 164–74
see also Everest, Mount

eye–hand coordination 228
eyes

dry 320
infections 247
protection 37, 320, 329

Fâ-Hien 2
Fallot’s tetralogy 340, 384
fat

absorption 196
body 194–5
dietary intake 200

fatigue 48, 146
fertility 237, 387
fetus, human

diffusion in placenta 84
growth 238
oxygen affinity of hemoglobin

77, 121
pulmonary hypertension 100–1,

306
fibrinogen 315–16
fibrinolytic activity 315–16
fibrinopeptide A (FPA) 262, 316
Fick principle 155, 156
Fick’s law of diffusion 72, 133,

155, 156
field studies 389–97

blood sampling/storage 395–7
computers 397
cost 391
hematology 397
laboratory work 392–3
measurement methods 393–5
personnel management 391–2
planning, testing and practice

390
versus chamber studies 390–1

finger-tapping speed 229, 230, 231
fire hazards 369–70
fissure-in-ano 345–6
fitness, physical 194, 254, 338
FitzGerald, Mabel 11, 17, 52, 350
fluid (water) balance 197–9

acute mountain sickness and
197–8, 256–9

COPD patients 381–2
exercise and 25, 198, 257

fluid compartments 257, 258
fluid intake 25, 198, 264, 318
fluid loss 24–5, 198–9

see also dehydration
fluid retention 258–9, 350
follicle-stimulating hormone (FSH)

217
foods 200–1
fos B gene 58, 66, 386
free radicals 223, 263
frostbite 317, 333–4, 351
fussiness score, childhood AMS 355

gallstones 245
Gamow bags 274–5, 291, 356
gangrene 333, 335
gas analyzers 393
gastrointestinal disorders 345–6

gastrointestinal function 195–7,
382–3

Gay-Lussac, Louis Joseph 68
gender differences

acclimatization 45, 350
acute mountain sickness 254, 350
chronic mountain sickness 305
pulmonary hypertension 308
weight loss 194, 350–1
see also women

genetics 288, 305, 308–9, 386
geography 27–38
ghrelin 192–3, 383
gingko biloba 266
Glaisher, James 7, 222
glasses 320, 329
glomus cells 54
glucagon 217
glucocorticoids 290
glucose, blood 215, 351
glutamine 376
glycogen synthesis 48, 215
glycolysis 141, 142, 169, 383
glycopyrrolate 212–13
goggles 320, 329
goiter 214, 247–9
Graham’s law 18
Greece, classical 2
growth

childhood 239–40, 361
fetal 238

growth hormone 217
Guericke, Otto von 5

Habeler, Peter 21, 158, 164, 372
HACE see high altitude cerebral

edema
Haldane, J.S. 10–11, 18–19, 52, 69
hallucinations 222, 272, 282
Han Chinese, in Tibet 29, 30, 237

chronic mountain sickness 113,
303

fetal growth 238, 239
hypertension 246
infants and children 354–5, 356
physiology 112, 226, 240–1
pulmonary hypertension 307,

308, 355
HAPE see high altitude pulmonary

edema
HAPH see pulmonary hypertension,

high altitude
HCVR see hypercapnic ventilatory

response

476 Index



headache 227, 346
acute mountain sickness 252,

253, 267–9
high altitude cerebral edema 272,

273
heart disease 245, 338–40, 384

high altitude see pulmonary
hypertension, high altitude

low output 384
heart failure 339

see also right heart failure
heart rate 89–91, 101

acclimatization 41, 90
during exercise 90–1, 152, 153
at extreme altitude 173
high altitude pulmonary edema

282
maximal 90–1, 152, 213, 243
periodic breathing 182, 183, 184
porters carrying loads 36
variability 213, 243, 374

heart valve replacement 340
heat 325–30

acclimatization 326
children and 356
exhaustion 327
gain 326
illnesses 326–8
loss 170–1, 326
stroke 327–8

hematocrit (Hct) 40, 41
after altitude training 375
chronic mountain sickness 302
high altitude commuters 362
thrombosis risk and 316

hematology 103–15, 385, 397
hemodilution 113, 318
hemoglobin

Andrew-Minneapolis 77, 121,
124–5, 385

fetal 77, 121
oxygen affinity see oxygen affinity

of hemoglobin
oxygen reaction rate 73

hemoglobin concentration ([Hb])
44, 104, 111–14

acclimatization 41, 108, 111
after altitude training 375, 376
blood boosting (doping) 114
cardiac output and 88–9
chronic mountain sickness 302
on descent from altitude 114
erythropoietin and 111, 114
genetic factors 386

heart rate and 91
high altitude residents 111–12,

127, 241–2
optimum 113–14
regulation 104–7
women 350

hemoglobinopathies 384–5
hemorrhagic fevers 246
hemorrhoids 345
Henderson–Hasselbalch equation

64, 126
herbal remedies 266
hernias 346
HIF-1α see hypoxia inducible 

factor 1α
high altitude cerebral edema

(HACE) 271–7
commuters to high altitude 365
epidemiology 272
investigations 274
mechanisms 263, 275–7
post-mortem pathology 275
symptoms and signs 272–3
treatment 274–5

high altitude pulmonary edema
(HAPE) 279–98

children 356
clinical presentation 281–3
commuters to high altitude 365
endocrine changes 205, 210
endothelin-1 and 216, 287
historical reports 2, 9, 10, 279–80
hypoxic ventilatory response and

60, 285–6
incidence 281–2
investigations 283–4
mechanisms 97, 262–3, 293–8
outcome 292
pathology 292–3
periodic breathing and 186
population at risk 284–8
prevention 288–9, 291–2
pulmonary diffusing capacity 79
radiology 282–3
sympathetic activity and 213,

287, 297–8
treatment 288–92

high altitude pulmonary hyperten-
sion see pulmonary hyper-
tension, high altitude

high altitude residents, permanent
30–1, 235–49

acid–base balance 127
adaptations to hypoxia 38, 243–4

altitude extremes 27–8, 47
blood pressure 94
carbon dioxide ventilatory

response 66
cardiovascular adaptations 87–9,

92, 93, 101, 242–3
clothing 37
cold adaptations 37–8
demographics 236–7
diseases 244–9
economic activity 33–4
energy balance 190–1
exercise capacity 146, 147, 241
fertility 236
fetal and childhood development

237–40
hematological indices 111–12,

113, 241–2
historical reports 12–13,

244–5
housing and shelter 36–7
hypoxic ventilatory response

58–9, 241
living at sea level 59
load carrying 34–6
nutrition and metabolism 201
oxygen dissociation curves

121–2, 123
peripheral tissues 140, 141
physiology 240–3
population structure 236
pulmonary artery pressures 95–6,

97, 242–3
pulmonary diffusing capacity

79–81, 240–1
pulmonary vascular remodeling

99, 242, 243
Hillary, Edmund 13–14, 33, 163
Himalayan Scientific and

Mountaineering Expedition
(1960–61) see Silver Hut
Expedition

Himalayas 28–9, 31
climate 24, 32
clothing 37
economics 33, 34
houses 36–7

history 1–25
HLA associations, HAPE 288
Hooke, Robert 5–6
hot climates 325, 326–7, 328–9
houses 36–7
Houston, Charles 13, 14, 171, 280,

281

Index 477



HPVR see hypoxic pulmonary
vasoconstriction

huallaga 121
Humboldt, Alexander von 8, 86
humidity 24–5, 33
Hurtado Abadilla, Alberto 13, 133,

140, 280
hydatid disease 247
hydralazine 290
hydration 105, 197–8, 318
hydrogen ion concentration ([H])

CNS 63–4, 66
oxygen affinity of hemoglobin

and 119–20
5-hydroxytryptamine (5-HT)

(serotonin) 54, 57, 180
hyperbaric bags, portable 274–5,

291
hypercapnic ventilatory response

(HCVR) 63–6
hypertension 94, 246, 340
hyperthermia 327–8
hyperventilation

in AMS 267
effects on gas exchange 69–70
heat loss 170–1
historical aspects 11, 67–8, 119
water loss 198–9
see also hypoxic ventilatory

response
hypobaria 15–16, 41–2
hypocapnia 260
hypothermia 330–3, 351
hypoventilation, HAPE and 297
hypoxemia 72

cerebral blood flow 224–5
chronic mountain sickness 302,

304, 305
during sleep 186–7

hypoxia
acute

blood pressure 93
cardiac function 87, 89–90,

91, 93
carotid body sensing 54–5
endocrine responses 204,

211–12, 215
history of recognition 7–8, 15
neurological effects 222
plasma volume 108
pulmonary gas exchange 70–2
symptoms 39–40

adaptation to 38, 243–4
anesthesia and 322, 324

athletic training 372–3
atrial natriuretic peptide and

204, 209–10
chronic

alveolar gases 62
carotid body response 55
endocrine responses 205,

212–13, 215
plasma volume 108–9

clinical conditions causing
380–7

corneal effects 320–1
diffusion limitation of oxygen

transfer 75–6
erythropoietin synthesis 105,

109–10
genes induced by 109, 138
hypobaric versus normobaric

41–2
intermittent see intermittent

hypoxia
intestinal absorption and 195–7
mechanisms of CNS effects

223–6
physiological response 39–42
pre-acclimatization 45–6
thyroid function and 214
ventilatory deacclimatization

from (VDH) 62–3
hypoxia inducible factor 1α

(HIF-1α) 57, 105, 138, 385
COPD patients 383
functions 109–10, 138
neuroprotective response 224

hypoxic pulmonary vasoconstric-
tion (pressor response)
(HPVR) 60, 94–6, 386

acute mountain sickness and
255

endothelin and 216
HAPE and 97, 284, 286, 294
high altitude residents 243–4
mechanisms 96–9

hypoxic ventilatory decline 
(HVD) 53

hypoxic ventilatory response
(HVR) 52–62

during acclimatization 56–8
acclimatized lowlanders

57–8, 59
acute mountain sickness and

59–60, 255
altitude training and 374
anesthesia and 322

blunted, development 59
carry-over 47
chronic mountain sickness and

304
HAPE and 60, 285–6
at high altitude 56–62
high altitude residents 58–9, 241
intermittent hypoxia and 58
measurement methods 55
mechanism 54–5
neuropsychological function and

222–3, 231–2
performance and 60–1
periodic breathing and 61, 184,

186–7
pre-acclimatization 46
at sea level 55–6
time course 53
variability 55–6
workers at high altitude 364
see also hyperventilation

ICAO standard atmosphere 18–19
ideal gas law 18
immune response 376
individual variation

acclimatization 45
acute mountain sickness 253–4,

264
altitude training benefits 374
hypoxic ventilatory response 55

infant mortality 238–9
infants 307, 354–5
infections 246–7, 298, 376
inflammatory bowel disease 345
inflammatory response 262–3, 295,

297
insulin 215, 345, 351
intermittent hypoxia (IH) 45–6

athletic training 46, 374
chronic, high altitude miners

362–3
erythropoiesis and 46, 110
hypoxic ventilatory response 

and 58
International High Altitude

Expedition to Cerro de
Pasco, Peru 11–12, 121–3,
360

International High Altitude
Expedition to Chile (1935)
12, 123, 154–5, 169, 227

interstitial fluid volume 257, 258
intestinal absorption 195–7, 382–3

478 Index



intestinal colic 345
intra-uterine growth retardation

(IUGR) 238, 239
intracellular fluid volume 257, 258
intracranial pressure, AMS and 261
iodine deficiency 214, 247–9
ionizing radiation 25
ionosphere 18
iron 200, 242, 350, 375
irrigation 34
ischemic heart disease see coronary

artery disease

Jacottet, Dr 9, 10, 279–80

Kangchenjunga 60, 264, 273
Karakoram 47, 162–3, 218, 248
Kellas, Alexander M. 163
ketamine anesthesia 322, 323–4
kinetic theory of gases 18
Krebs cycle 141–3
Krogh, August 69, 78, 133, 134, 136
Kyrghyz highlanders 239–40, 288
Kyrgyzstan 30, 33, 84, 308

laboratories, high altitude 9–10, 12,
392–3

lactate
blood 154–5, 168–9, 391
brain 223
paradox 12, 147, 168–9

Lake Louise scoring system 267–9,
355

lassitude, heat-related 327
latitude 20, 21
Lavoisier, Antoine 6, 7
left ventricular failure, HAPE 

and 293
leg muscle blood flow 149
leprosy 247
leptin 190, 192, 264
leukotrienes 262, 293, 295
Lhasa, Tibet 29, 30, 33, 244
Lhotse Shar 136, 141–3, 159
lipofuscin 139–40
lipolysis 215, 217
living high, training low (LHTL) 46,

373–4
hypoxic ventilatory response 58
mechanisms of effect 374, 375
simulated 46, 374

llamas 33–4, 77, 104, 121
load carrying 34–6, 360
longevity 236

lowlanders
acclimatized see acclimatized 

lowlanders
time limits at extreme altitudes

47
lung

development 80, 240
function 80–1, 240–1, 304

lung disease
bullous 342
chronic mountain sickness and

305–6
chronic obstructive see chronic

obstructive pulmonary 
disease

high altitude residents 247
interstitial 343, 383
pre-existing 340–4

lung volumes 80, 240, 285
luteinizing hormone (LH) 217

malabsorption 195–7, 382–3
male reproductive function 217–18,

237
mast cells 99
Mauna Kea, Hawaii 71, 72, 227, 254,

364–5
maximal oxygen consumption see

oxygen consumption,
maximal

maximum voluntary ventilation
(MVV) 149, 150

Mayow, John 6–7
McKinley, Mount (Denali) 20, 21,

23, 166, 255, 256
measles 247
medical conditions, pre-existing

337–47
medroxyprogesterone acetate 303
memory impairment 230, 314–15
menarche 240
menstrual cycle 213, 350
mental outlook 347
mental performance

COPD patients 383
high altitudes 227, 229
hypothermia 331
see also neuropsychological 

function
Messner, Reinhold 21, 68, 158,

164, 372
metabolism 189–201, 386
microvascular permeability see

vascular permeability

migraine 313–14, 346
miliaria rubra 329–30
military operations 365–6
miners 147, 201, 227, 302, 303
mining 30–1, 34, 359–64
mitochondria 133, 134, 135, 139–40
model atmosphere 19, 22–3
Monge Cassinelli, Carlos 13, 301
Monge Medrano, Carlos 13,

300–1
Monge’s disease see chronic 

mountain sickness
Mont Blanc 8, 162, 279–80
Montgolfier brothers 7
morphine 291
mosquitoes 247
Mosso, Angelo 10, 68, 179–80
mountain sickness 252
mountaineers 31, 36

as athletes 372
female 349–50
historical accounts 8, 68
hypoxic ventilatory response

60–1
scientific expeditions 391–2

muscle, skeletal
ageing effects 357
atrophy 139, 173, 195, 197
capillaries 135, 136–8, 195
enzymes 141–3, 173
fiber size 138–9, 173
mitochondrial volume 139–40
myoglobin concentration 140–1
oxygen delivery during exercise

155–7
oxygen diffusion 135

myocardial contractility 92, 152
myocardial infarction 339
myocardial ischemia 93, 245, 338
myoglobin 133, 135

concentration 140–1
oxygen dissociation curve 133–4

myopia, surgery for 320–1
myxedema 248–9

N-acetyl-cysteine 55–6, 110
nasal problems 346
natriuresis 108, 205, 257
nausea 204
neocytolysis 114
neonates 354
Nepal 30, 34, 36, 236

see also Sherpas
nerve cells, and hypoxia 223

Index 479



neurological impairment, residual
272

neurological problems, pre-existing
346–7

neuropeptide Y 192–3
neuropsychological function 40,

221–33
altitude deterioration 48
high altitudes 227–9
historical reports 12, 222–3
moderate altitudes 226–7
oxygen-enriched room air

232–3, 369
residual impairment 221–2,

229–32
neurotransmitters 54–5, 223
neurovascular disorders 312–15
nifedipine 255, 309

dose in children 356
HAPE treatment 289, 290

nitric oxide (NO) 95, 97, 98, 244
cerebral edema and 277
HAPE and 286, 297
inhaled, therapeutic use 97, 289

nitric oxide synthase
endothelial (e-NOS) 97, 290

gene polymorphisms 288
inducible (iNOS) 277

nitrogen, liquid 396–7
nitrous oxide anesthesia 322
nomadic peoples 27, 33, 37
non-steroidal anti-inflammatory

drugs (NSAIDs)
267, 328, 345, 346

norepinephrine (noradrenaline)
54, 91, 212, 213, 351

North America 32–3, 303–4
Norton, E.F. 68, 146, 163, 164
NOVA expedition 22
nutrition 189–201, 236

obesity 346
acute mountain sickness risk 254
high altitude populations 245,

246
obesity–hypoventilation syndrome

344
Observatoire Vallot, France 9,

280
Olympic games, Mexico City 372
Operation Everest I (1944) 13, 163,

167, 171
Operation Everest II (1985) 14,

165, 171–3, 391

acid–base balance 169
altitude deterioration 47, 49
alveolar gases 167
cardiovascular function 87, 88,

90–1, 92, 173
exercise tolerance 148, 151, 152,

156, 158
neuropsychological function

222–3, 231–2
nutrition and metabolism 194,

195
peripheral tissues 136, 139,

141–3, 173
pulmonary circulation 95–6,

172–3
pulmonary gas exchange 82–4,

173
Operation Everest III (1997) 14,

165, 173–4
cardiovascular function 87, 92
hematological changes 109
nutrition and metabolism 191,

194, 197
oral contraceptives 351
oroya fever 246
orthopedic conditions 346
osmolality, serum 25, 106, 129,

168, 205–6
oxidative metabolism 141–3
oxidative stress 263
oxygen

concentrators 367
content of blood 104, 113
cost of ventilation 171, 172
diffusion see diffusion
discovery 6–7
enrichment of room air 188,

232–3, 365, 366–70
hemoglobin reaction rate 73
partial pressure see partial 

pressure of oxygen
perfusion limitation of transfer

75–6
secretion hypothesis 11, 12,

68–9
transport system 43–5
transport within cells 134
uptake along pulmonary capil-

lary 73–5
uptake in muscle, during exercise

155, 156
oxygen affinity of hemoglobin (P50)

76–8, 119–26
acclimatized lowlanders 122–4

animals native at high altitude
120–1

basic physiology 119–20
high altitude residents 121–2
historical studies 118–19
oxygen-deprived animals 121
physiological effects of changes

124–6
strategies for increasing 77

oxygen breathing at high altitude
cardiac function 91, 92
exercise tolerance 150, 159
pulmonary artery pressure

95–6, 99
oxygen consumption, maximal

(VO2,max)
age-related decline 357
altitude training and 373
blood boosting and 114
cardiac output and 87–9
determinants 155, 156
at extreme altitude 164, 165
at high altitude 157–9, 364
historical studies 12, 147, 148
limits at extreme altitude

174–5
measurement in field 394
plasma volume and 109

oxygen delivery 155
during exercise 155–7

oxygen dissociation curve 44,
119–26

diffusion limitation and 76–8
historical studies 117–19
myoglobin 133–4
see also oxygen affinity of

hemoglobin
oxygen saturation, arterial (Sa,O2)

acute mountain sickness 253,
256

chronic mountain sickness
304–5

exercise 81–2
high altitude residents 127, 244
historical studies 12, 13
hypoxic ventilatory response

52–3
infants at altitude 354–5
oxygen-enriched rooms 369
periodic breathing 182–3, 186

oxygen supplementation
anesthesia 322, 323, 324
chronic obstructive lung disease

342

480 Index



Everest ascents without 21, 148,
164, 372

limits on climbing without 175
during sleep 184–5

oxygen therapy
AMS 267
high altitude cerebral edema

273, 274
high altitude pulmonary edema

281, 290

packed cell volume (PCV) 104, 302
effect of altitude 110, 111
exercise and 107
optimal levels 113

palpitations 86
papilledema 272, 273, 319
paracetamol 267, 328, 356
partial pressure of carbon dioxide

(PCO2) 385
acute mountain sickness and

259–61
alveolar (PA,CO2) 62, 70–1,

166–7, 168
arterial (Pa,CO2)

acclimatization 40, 41
acclimatized lowlanders 128,

129
cerebral blood flow and 224,

225
chronic mountain sickness

302, 304
during exercise 154
high altitude residents 127
hypoxic ventilatory response

52, 53
oxygen affinity of hemoglobin

and 118, 119–20
sensing by chemoreceptors

55, 63–4
historical studies 10, 11, 52

partial pressure of oxygen (PO2)
385

along pulmonary capillary
74–5

alveolar (PA,O2) 43–4, 62
acute hypoxia versus 

acclimatization 71–2
at extreme altitude 166–7, 168
hypoxic ventilatory response

52–3
alveolar to arterial difference

((A–a) PO2) 44, 81
acclimatization 40, 41

chronic mountain sickness
302

ventilation/perfusion inequality
and 83–4

ambient air 43
arterial (Pa,O2) 44–5

during acclimatization 40–1
acclimatized subjects 42, 72
cerebral blood flow and

224–5
chronic mountain sickness

302, 304
during exercise 154
high altitude residents 127
sensing by carotid body 54–5
during sleep 186–7
see also hypoxemia

historical studies 8, 10, 11, 12, 13
inspired (PI,O2) 43

during anesthesia 322, 323
barometric pressure and 19, 23
reduced see hypoxia

mixed venous (PvO2) 44–5, 170
peripheral tissues 134–5, 156

Pascal, Blaise 5, 16
pastoralism, nomadic 33
patent ductus arteriosus 245, 324,

340, 384
PCO2 see partial pressure of carbon

dioxide
peptic ulcer 345
performance, exercise see exercise

performance
peri-anal hematoma 345
periodic breathing 48, 178, 182–8

acute mountain sickness and
252

cardiac arrhythmias 93, 183
characteristics 182–4
effects of drugs 187
historical accounts 178–80
hypoxic ventilatory response and

61, 184, 186–7
mechanism 185–6
oxygen enrichment of room air

188
pulmonary gas exchange 186–7
sleep quality and 181

peripheral tissues see tissues,
peripheral

Peru 27, 29–30, 236, 237, 361
pH

arterial blood 126, 127, 128
during exercise 154

oxygen affinity of hemoglobin
and 77–8, 119–20

see also respiratory alkalosis
brain intracellular 66

phentolamine 290, 298
phenylephrine 261, 275–6
5-phosphodiesterase (PDE)

inhibitors 98, 152, 290, 309
phosphofructokinase 141, 169
photophthalmia 329
photorefractive keratectomy (PRK)

320–1
photosensitizing drugs 328
pikas 95, 306
Pikes Peak Expedition (Colorado

1911) 10–11, 17, 52, 69
pituitary gland 212, 214
placenta 84, 238
plasma volume (PV) 108–9,

257, 258
cardiac function/VO2,max and

109
COPD patients 381
exercise and 107
hemoglobin concentration 

and 104
posture and 106–7
regulation 105–6
on return to sea level 109
stroke volume and 92

plateaux, high 31, 32
platelets 115, 315–16
pneumonia 279–80, 383
PO2 see partial pressure of oxygen
polycythemia

after altitude training 374–5
chronic mountain sickness 113,

302
COPD patients 381
cyanotic heart disease 384
of high altitude 112–13, 242, 385

cerebral blood flow and 226
excessive see chronic moun-

tain sickness
historical studies 11, 13
pulmonary gas exchange 

and 76
populations, high altitude see

high altitude residents,
permanent

porters, load carrying 35–6, 360
posture, effects of 55, 106–7, 318
potassium (K�), brain 223
potassium (K�) channels 54, 97–8

Index 481



potatoes 34
pre-acclimatization 45–6
pre-eclampsia 213, 239
pre-existing medical conditions

337–47
pregnancy 237–8, 351

complications 213, 239
pulmonary diffusing capacity 81
see also fetus, human

premature atrial contractions 92–3
premature ventricular contractions

92, 93
Pression Barométrique, La

(Bert 1878) 8–9, 15, 86
prickly heat 329–30
Priestley, Joseph 6, 7, 18–19, 69
progesterone 215, 237
prolactin 217
propranolol 94, 212–13
protein

absorption 196
metabolism 197

proteinuria 218–19, 263, 283
psychological function see neuropsy-

chological function
psychomotor performance 227, 228
Pugh, L.C.G.E. 13–14, 25, 147,

197, 280
pulmonary arteries

congenital absence of one 285,
343

hypoxic vasoconstriction see
hypoxic pulmonary 
vasoconstriction

leakage, in HAPE 296
remodeling 99–101, 242–3

pulmonary arterioles, remodeling
99–101

pulmonary artery pressure (PAP)
94–6

chronic intermittent hypoxia and
362

during exercise 152–4
at extreme altitude 172–3
high altitude pulmonary edema

282, 284, 285
highlanders 95–6, 97, 242–3
see also pulmonary hypertension

pulmonary capillaries
oxygen uptake 73–5
stress failure, and HAPE 294–6
stress-related wall remodeling

100
transit time for red cells 152

pulmonary circulation 94–102, 382

pulmonary diffusing capacity (DL)
72, 73, 78–81

acclimatized lowlanders 78–9
acute mountain sickness 78–9,

256
chronic mountain sickness 302
development of method 69
during exercise 78, 79, 151–2
at extreme altitude 170
highlanders 79–81, 240–1

pulmonary diffusion 72–82
historical studies 68–9
physiology 72–8

pulmonary edema
fluid 293
high altitude see high altitude 

pulmonary edema
neurogenic 297–8
subclinical 151, 256, 282, 293

pulmonary embolism 296–7, 313,
317

pulmonary fibrosis, interstitial 343,
383

pulmonary gas exchange 67–84
acute hypoxia versus 

acclimatization 70–2
effects of hyperventilation

69–70
at extreme altitude 173
historical accounts 67–9
periodic breathing 186–7
ventilation/perfusion inequality

82–4
pulmonary hypertension

high altitude (HAPH) 94–6, 300,
306–9

in adults 307–9
atrial natriuretic peptide and

210
chronic mountain sickness

302, 306
clinical features 101–2, 307–8
epidemiology 308
genetic factors 308–9
HAPE and 294
high altitude residents 242–3,

306, 308
in infants 307
natural history 308
treatment 98, 309
vascular remodeling 99–100

primary (PPH) 343–4, 386
pulmonary perfusion

limitation of oxygen transfer
75–6

uneven, in HAPE 294
see also ventilation/perfusion

(V/Q) inequalities
pulmonary thrombo-embolic 

disease (PTE) 343–4
pulmonary vascular disease 343–4
pulmonary vascular permeability

262–3
pulmonary vascular resistance 94–6,

172–3
pulmonary vasoactive mediators

286–7
pulmonary venular constriction, in

HAPE 296
pulmonary wedge pressure 92, 284
pulse oximetry 394
puna 252, 272, 280

radial keratotomy (RK) 320–1
railways 366
rainfall 32
Ravenhill, T.H. 252, 254, 280, 361
reaction theory of breathing 119
reactive oxygen species (ROS) 263
red cell counts 103–4, 302
red cell mass (RCM) 108, 109, 111,

374–5, 381
red cells 104

deformability 113
neocytolysis 114
transit in pulmonary capillaries

152
refractive errors 320
renal function 129, 168, 218–19
renin 206, 207, 208–9
renin–angiotensin–aldosterone sys-

tem 106, 107, 206–9, 257,
258–9

reproductive function 217–18, 237,
387

research, field 389–97
residents, permanent high altitude

see high altitude 
residents, permanent

respiratory alkalosis
during acclimatization 126
during exercise 154
high altitude natives 127
hypoxic ventilatory response and

56, 57
metabolic compensation 126,

128–9
oxygen dissociation curve and 44,

77–8, 118–19
renal compensation 129, 218

482 Index



respiratory exchange ratio 154, 167
respiratory infections 247, 298
respiratory measurements, field

393–4
respiratory medicine 386
respiratory quotient (RQ) 199
respiratory stimulants 302–3, 324
resuscitation, cardiorespiratory 332
retinal hemorrhages 272, 273,

319–20
right atrial pressure 92
right heart failure 86, 307, 308
right ventricular hypertrophy 101,

242–3, 302
Riley, Richard 13, 171
Rome, classical 2, 28

salmeterol 287
salt intake 246, 327
sample collection/storage 395–7
Sa,O2 see oxygen saturation, arterial
scientific expeditions 10–12,

14, 390
see also field studies

sea level
highlanders resident at 59
hypoxic ventilatory response

55–6
seasonal variations 20–1, 32, 165
seizures 314, 327, 346–7
serotonin see 5-hydroxytryptamine
sex differences see gender differences
sex distribution, high altitude 

populations 236
sexual abstinence 347
sheep 33
Sherpas

acid–base balance 128
fetal and childhood development

239
health problems 246, 248–9
hematological indices 111–12
housing 36, 37
hypoxic ventilatory response 56,

58, 241
load carrying 35–6
lung function 241
nutrition and metabolism 194,

201
oxygen affinity of hemoglobin

122
periodic breathing 185–6

shivering 331
sickle cell disease/trait 249, 344–5
sildenafil 98, 152, 153, 290, 309

Silver Hut Expedition (1960–61) 14,
90, 139, 164–5

equipment and methods 392,
393, 394

versus chamber studies 391
see also Everest, Mount

sinus arrhythmia 93
Sivel, Theodore 7–8, 68
skiing 31, 34
sleep 177–88, 347

acute mountain sickness 252
altitude deterioration 48
apnea, obstructive and central

344
chronic intermittent hypoxia and

362
chronic mountain sickness and

304–5
control of breathing 184–5
deprivation 180–1
at high altitude 178, 181–2
historical studies 178–80
oxygen-enriched rooms 188, 233,

369
periodic breathing see periodic

breathing
position 37
rapid eye movement (REM)

180–1, 182, 183
slow wave (SWS) (NREM) 180,

182, 183
studies 395

small bowel function 195–7, 382–3,
386

smallpox 244–5
smoking 254, 303, 335
snow 31, 33
snow blindness 329
sodium 106

balance, AMS 258–9
diuresis 108, 205, 257
retention 207, 208
transepithelial transport 287

solar radiation 25, 32, 33, 328–9
Somervell, T. Howard 68, 146, 163
soroche 252, 280
sperm counts 217–18, 237
spirometers 393–4
spironolactone 266
splinter hemorrhages 316
standard atmosphere 18–19, 165
stature 240
stratosphere 18, 20
stroke see cerebrovascular accident
stroke volume 86, 87, 88, 91–2

sub-acute mountain sickness see
pulmonary hypertension,
high altitude

subarachnoid hemorrhage 314
sudden infant death syndrome

(SIDS) 355
sumatriptan 267
sunburn 328–9
surfactant protein A1/A2 gene 

polymorphisms 288
sweating 198, 326
sympathoadrenal (sympathetic)

response 191, 206, 211–14
HAPE and 213, 287, 297–8
see also catecholamines;

norepinephrine
syncope 94, 327

tadpoles 121
telescopes, high altitude 71, 227,

364–5, 368–9
temazepam 187
temperature

body see body temperature
high altitude regions 32–3
laboratory work in field 392
oxygen affinity of hemoglobin

and 119, 120
respiratory water loss and 198–9
variation with altitude 18, 24, 32

Tenerife, Canary Islands 10, 118,
122, 180

tents 33, 37
Tenzing Norgay 13–14, 163
terracing 34
terrain, high altitude 31–2
testosterone 217, 237
theophylline 266
thermal balance 326, 330
thiol disulfide redox state (REDST)

55–6, 110
thrombo-embolic (TE) disease 344
thrombosis 316–19

prevention 318
risk factors 316, 351
treatment 318–19
see also cerebral venous thrombo-

sis
thromboxane B2 286, 293
thyroid function 214
Tibet 28–9, 30
Tibetan plateau 28–9, 31, 366

climate 32, 33
economics 33, 34
population 30

Index 483



Tibetans 28–9, 30, 236
arterial oxygen saturation 244
cerebral blood flow 226
chronic mountain sickness 303
clothing 37
fetal development 238, 239
health problems 244–5, 246,

247, 248–9
hematological indices 111–12
hypoxic ventilatory response 58
lung function 240–1
myoglobin alleles 140
pulmonary hypertension

307, 308
tidal volume 150, 182
tingling, fingers and mouth 40
Tissandier, Gaston 7–8, 68, 222
tissues, peripheral 131–43

athletic performance and 375
diffusion in 133–5
historical studies 132–3
oxygen delivery during exercise

155–7
see also muscle, skeletal

Torricelli, Evangelista 5, 16
total lung capacity 240, 285
tourism 34
trade 31
training, athletic 366, 372–7

efficacy 376–7
hypoxic 372–3
immunological effects 376
living–training hypoxic 

paradigms 373–4
mechanism of effect 374–5
optimum timing 375–6
tissue changes 137, 138, 140,

143, 375
see also living high, training low

transforming growth factor-β
(TGF-β) 100, 138

transient ischemic attacks (TIAs)
313

trench foot 334–5
tropopause 18, 20
troposphere 18
tuberculosis 247
Tyndall, John 178
typhus 247

ulcerative colitis 345
ultraviolet radiation 33, 328
United States (USA) 30, 32–3
urate, plasma 219
US standard atmosphere 18

valleys, mountain 31, 32
Vallot, Joseph 9
vaporizers, anesthetic 322–3
vascular accidents 316–18

see also cerebrovascular accident
vascular capacity 105
vascular endothelial growth factor

(VEGF)
AMS/HACE and 263, 276, 277
hypoxia and 55, 137–8, 223–4

vascular permeability
cerebral 276, 277
pulmonary 262–3, 297

vascular remodeling, pulmonary
99–101, 242–3

vasoconstriction
hypoxic pulmonary see hypoxic

pulmonary vasoconstriction
peripheral 105, 106–7, 330

venesection 302, 318
venipuncture 395
ventilation

during exercise 40, 60, 148–50,
391

high altitude residents 241
increased see hyperventilation
maximum voluntary (MVV)

149, 150
measurement in field 393–4
oxygen cost at extreme altitude

171, 172
response to hypoxia see hypoxic

ventilatory response
rooms with oxygen-enriched air

367
ventilation/perfusion (V/Q)

inequalities 44, 82–4
during exercise 82, 151
at extreme altitude 173
hypoxic pulmonary vasocon-

striction and 97–8
ventilatory deacclimatization from

hypoxia (VDH) 62–3

ventilatory equivalent (VE/VO2) 149
ventricular septal defects 340, 384
vicuna 77, 121
viscosity, blood 113, 226, 302
visual disturbances

chronic 329
transient 40, 227–8, 272, 315

vital capacity 240, 285
vitamin E 113
vitamins 200
VO2,max see oxygen consumption,

maximal
vomiting 272, 273

water see fluid
water vapor pressure 23, 24, 198
weight loss 190, 192–5

altitude expeditions 192–4
body composition and 194–5
causes 192–3, 382–3
chamber experiments 194
at extreme altitude 48, 139, 174
gender and 194, 350–1
high altitude residents 201

white blood cells 115, 283
White Mountain Research Station,

California 369
Whymper, Edward 68, 162
wind 32
wind chill 24, 330
women 349–51

blood glucose control 215
high altitude residents 236,

237–8
sympathoadrenal response 213
see also gender differences

work of breathing 149, 150, 381

xylose absorption 195–6, 382

yaks 33–4, 35
adaptation 42–3
hypoxic pulmonary pressor

response 95, 244, 306
yoga, g-tum-mo 37, 38
yurts 33, 37

zolpidem 187
Zuntz, Nathan 10, 16–17, 146

484 Index


	Book title
	Contents
	Preface
	Acknowledgments
	Conversion tables
	List of abbreviations
	1 History
	2 The atmosphere
	3 Geography and the human response to altitude
	4 Altitude acclimatization and deterioration
	5 Ventilatory response to hypoxia and carbon dioxide
	6 Pulmonary gas exchange
	7 Cardiovascular system
	8 Hematology
	9 Blood-gas transport and acid–base balance
	10 Peripheral tissues
	11 Exercise
	12 Limiting factors at extreme altitude
	13 Sleep
	14 Nutrition, metabolism and intestinal function
	15 Endocrine and renal systems at altitude
	16 Central nervous system
	17 High altitude populations
	18 Acute mountain sickness
	19 High altitude cerebral edema
	20 High altitude pulmonary edema
	21 Chronic mountain sickness and high altitude pulmonary hypertension
	22 Other altitude-related conditions: neurovascular disorders, eye conditions, altitude cough, anesthesia at altitude
	23 The physiology and pathology of heat and cold
	24 Pre-existing medical conditions at altitude
	25 Women at altitude
	26 Extremes of age at altitude: Children and the elderly
	27 Commuting to high altitude for commercial and other activities
	28 Athletes and altitude
	29 Clinical lessons from high altitude
	30 Practicalities of field studies
	References
	Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	R
	S
	T
	U
	V
	W
	X
	Y
	Z




