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 Mountains stir our imagination and not solely for their beauty and 
 magnifi cence. Perhaps also because they tax our physical limits as individu-
als and as a population. As scientists and nonscientists we fi nd this an irresist-
ible subject. The rarifi ed air of the highest terrestrial altitudes poses one of the 
greatest biological challenges to functioning and survival that our species has 
faced in its radiation “out of Africa” over the globe. In moving into highlands 
above 2,500 m whether transiently or permanently, humans have relied upon 
an array of successful responses to hypoxia that range across the physiologi-
cal continuum from organs to cells and genome. Unraveling what transpires 
with successful and unsuccessful adaptation to acute and chronic high  altitude 
is inextricably linked to better understanding and care of clinical conditions 
involving ischemia, hypoxemia, and cellular hypoxia. 

 In this effort, which owes its lineage and draws great inspiration from its 
predecessor “High Altitude: An Exploration of Human Adaptation” edited by 
Thomas F. Hornbein and Robert B. Schoene and published in 2001, we have 
reassembled many of the same authors and brought on a number of new 
active younger researchers to update the fi eld. Many of our contributors are 
mountaineers, who have taken the “bench to mountainside” and back 
approach in impressive transnational collaborations. Over the past decade 
there has been substantial work in better understanding the classic “oxygen 
cascade” of O 2  transport from inhaled air to the mitochondria. Equally excit-
ing has been the extent to which genetics and molecular biology have now 
been brought to bear on hypoxia adaptation and maladaptation. 

 The 23 chapters comprising this book can be divided into several sections. 
The fi rst chapters focus on how oxygen is sensed at the cellular level and how 
changes in O 2  tension evoke signaling cascades that mediate rapid non- 
genomic responses and set the stage for more sustained tolerance by altering 
gene expression. Particularly in this latter aspect, there has been a virtual 
explosion in our understanding of how hypoxia-inducible factors (HIFs) are 
regulated and how up- or down-regulation of many hundreds of genes accom-
plish tolerance for hypoxia. It is a very complicated story that only promises 
to become more interesting and relevant to high-altitude physiology and clin-
ical medicine, since HIFs may be more than just gene transcription factors 
responsive to hypoxia. The next section takes up the role of many organ sys-
tems involved in oxygen delivery to the tissues, and the costs and limits of 
their compensatory capacity to contribute to adequate tissue oxygenation. 

  Pref ace   
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Of no less critical importance are other organs whose functioning in overall 
homeostasis and population survival (nutrition, infection control, waste elim-
ination, and reproduction) succeed or fail in the face of hypoxia. The unique 
and differing patterns of hypoxic tolerance in highly adapted populations liv-
ing at high altitude for many millennia are explored at the genetic and physi-
ological levels. Evolution over many generations involves strategies entirely 
different (and likely more successful and economical) when compared to how 
lowlanders “partially adapt” over much shorter time durations. The last chap-
ters are devoted to the unique acute diseases of sojourners at high altitude, 
chronic hypoxic maladaptation of high-altitude residents, and problems in 
people with preexisting medical conditions who wish to work or take enjoy-
ment in the mountains. 

 We are grateful to many colleagues and friends over the years who have 
contributed to this volume. It is our hope that our combined work    will stimu-
late more questions and research, ultimately to yield better care of hypoxic 
patients and safer sojourning and residence to those seeking the pleasure and 
excitement of life and livelihood at high altitudes.  

    Seattle ,  WA ,  USA       Erik     R.     Swenson   
   Heidelberg ,  Germany       Peter     Bärtsch      
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  Abstract   

 Molecular oxygen is required for mitochondrial energy generation, and all 
eukaryotic organisms have the capacity to sense the abundance of cellular 
O 2 . When oxygen levels decrease, these sensors activate a wide range of 
transcriptional, translational, and posttranslational responses that protect 
the cell and the organism from the consequences of severe oxygen depri-
vation and O 2 - limited metabolism. A number of different mechanisms 
of oxygen sensing have been proposed, and it is likely that diverse cell 
types employ multiple means of sensing changes in molecular oxygen. 
However, growing  evidence points to the mitochondria as an important 
site of O 2  sensing in diverse cell types. These organelles release reactive 
oxygen species (ROS) signals to the cytosol where they trigger transcrip-
tional and posttranslational adaptive responses. Although the precise 
molecular mechanisms underlying the increase in ROS generation under 
low O 2  conditions are not fully understood, these signals appear to origi-
nate from complex III of the electron transport chain. The responses regu-
lated by this mechanism include the stabilization of Hypoxia-Inducible 
Factor-1α and the acute vasoconstrictor response to alveolar hypoxia in 
the lung. Future studies of prolonged hypoxia are still needed to determine 
whether the responses to chronic hypoxia are also regulated by this 
pathway.  

        P.  T.   Schumacker, Ph.D.      (*) 
  Division of Neonatology, Department of Pediatrics , 
 Feinberg School of Medicine, Northwestern University , 
  310 E. Superior Street Morton Building 4-685 , 
 Chicago ,  IL ,  USA   
 e-mail: p-schumacker@northwestern.edu  

 1      Cellular and Molecular 
Mechanisms of O 2  Sensing 

           Paul     T.     Schumacker      

          The Evolution of Oxygen Sensing 
Systems 

 A wide range of metazoan phyla evolved rapidly 
during the Cambrian Explosion period. The 
successful evolution of unicellular organisms 
into complex multicellular animals required the 
development of sophisticated tissue systems for 
delivering adequate oxygen to supply the needs 
of each and every cell. Moreover, these systems 
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needed to respond rapidly to changes in the 
metabolic needs of the organism, in order to meet 
the changing demands associated with feeding, 
reproduction, escape from predators, and other 
energy-intensive activities. Throughout evolu-
tion, the oxygen transport systems also adapted 
by acquiring the dynamic ability to regulate 
regional oxygen supply in accordance with local 
tissue oxygen demand. Today, mammalian cardio-
vascular and pulmonary systems have the ability 
to augment systemic oxygen transport above 
resting levels by 10- to 20-fold during exercise 
and to direct the majority of the associated 
increase in blood fl ow to working muscle and to 
tissues involved in heat dissipation such as skin. 
Similarly, organs such as the digestive system 
effi ciently regulate oxygen supply in accordance 
with gastrointestinal activity. At the tissue level, 
the precise regulation of oxygen supply in accor-
dance with oxygen demand requires a feedback 
signal, allowing the tissue being supplied to 
signal its oxygenation status to the system con-
trolling the oxygen delivery. Although multiple 
factors participate in the regulation of local tissue 
blood fl ow, the tissue response to a fall in oxygen-
ation below the normal level (i.e., tissue hypoxia) 
requires an ability to detect cellular oxygenation 
levels in the microenvironment and to transduce 
that information into a biological signal that is 
conveyed to the oxygen transport system. Clearly, 
without the ability to sense local and systemic 
tissue oxygenation, the evolution of complex 
oxygen transport systems in higher organisms 
would not have been possible.  

    Systemic and Specialized 
Mammalian Oxygen Sensing 
Systems 

 Systemic oxygen sensing systems at the organis-
mal level complement the local tissue oxygen 
detection/signaling systems that regulate local 
blood supply and microvascular blood fl ow dis-
tribution. At the organismal level, increases in 
metabolic activity and blood fl ow during exercise 
must be matched with increases in lung ventila-
tion in order to maintain blood oxygenation and 

excrete carbon dioxide. The ability to regulate 
lung ventilation in accordance with overall 
 metabolic activity required the evolution of a 
complex arterial chemotransduction system 
capable of monitoring blood oxygenation and 
carbon dioxide levels. The carotid and aortic 
bodies are the sites where arterial blood oxygen 
levels are sensed; decreases in arterial oxygen 
tension (PO 2 ) elicit increases in afferent nerve 
fi ring by triggering neurotransmitter release from 
the chemosensitive glomus cells. These nerves 
convey a feedback signal to the ventilatory control 
systems in the medulla, which elicit a corre-
sponding increase in activity of the muscles of 
respiration. Thus, the oxygen-sensitive cells of 
the arterial chemotransduction system play an 
essential role in regulating lung ventilation, 
thereby assuring adequate arterial oxygenation. 
That system has been the focus of extensive study 
for more than 50 years, but the underlying oxygen 
sensing mechanism still is not known. 

 Multiple specialized oxygen sensing systems 
also evolved in response to the unique stresses 
that accompany reproduction. For example, the 
oxygen requirements of the mammalian embryo 
are supported by placental gas exchange. During 
development in utero, the pulmonary vascular 
resistance is maintained at a high level in the 
lung, possibly to prevent the escape of fetal oxygen 
from pulmonary capillary blood into the hypoxic 
amniotic fl uid. This response, termed “hypoxic 
pulmonary vasoconstriction,” is rapidly reversed 
when lung oxygenation increases during the fi rst 
breaths taken at the moment of birth. The rise in 
lung oxygenation and the corresponding increase 
in blood oxygen levels are detected by the vascular 
cells, where it triggers relaxation in the pulmo-
nary artery and constriction in the ductus arteriosus. 
Simultaneously, the ductus arteriosus dilates 
under hypoxic conditions, facilitating the extra-
pulmonary shunting of blood from the pulmo-
nary artery to the aorta and minimizing pulmonary 
capillary blood fl ow. Without the ability to adjust 
pulmonary vascular tone in accordance with the 
level of alveolar oxygenation, fetal development 
would be hindered and successful transition from 
placental to lung gas exchange at birth would 
be threatened. Indeed, the clinical syndrome of 

P.T. Schumacker
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“persistent pulmonary hypertension of the 
newborn” is a life- threatening human condition 
that arises when the newborn lung circulation 
fails to vasodilate normally at birth. Interestingly, 
the ability to regulate pulmonary arterial smooth 
muscle tone in response to changes in oxygen-
ation is retained throughout adulthood, and lung 
diseases that produce large areas of alveolar 
hypoxia can cause pulmonary arterial hyperten-
sion and may lead to right ventricular remodeling 
as a consequence. The oxygen sensing response 
associated with hypoxic pulmonary vasocon-
striction is intrinsic to the smooth muscle cells of 
small precapillary arteries, as myocytes isolated 
from these vessels exhibit increases in cytosolic 
ionized calcium [Ca 2+ ] and they contract when 
exposed to a low oxygen environment. However, 
the oxygen sensing mechanism that controls this 
response is not fully understood. 

 The oxygen sensing systems described above 
are critical for assuring proper regulation of sys-
temic and local tissue oxygen supply. However, 
the normal operation of those systems cannot 
always guarantee adequate cellular oxygenation 
in response to stressful stimuli, in response to 
growth, or in response to chronic illness. For 
example, intense aerobic exercise training creates 
a need for remodeling of the muscle microvascular 
system in terms of capillary volume density. The 
increase in capillary growth that occurs in exer-
cise-trained muscles refl ects a local response of 
the myocytes and other cells to exercise- induced 
hypoxia. Oxygen sensors in the muscle cells 
detect the low oxygen levels and activate the 
expression and secretion of vascular mitogens by 
the muscle. These vascular growth factors diffuse 
toward local blood vessels and trigger new capil-
lary growth by binding to cognate receptors on 
vascular endothelial cells. Vascular Endothelial 
Growth Factor (VEGF) is one such mitogen [ 1 ], 
whose low basal secretion by parenchymal cells 
helps to sustain the existing capillary network, 
and whose increased expression in response to 
hypoxia stimulates new capillary growth that 
augments the ability of the tissue to extract oxygen 
from a limited supply (capillary angiogenesis). 
The importance of this system for maintain-
ing capillary density has been demonstrated in 

diverse animal models. One elegant demonstration 
utilized transgenic mice carrying an inducible 
gene encoding a VEGF-binding protein in cardiac 
myocytes. Administration of the antibiotic doxy-
cycline in that system activates the expression of 
the binding peptide, which is secreted into the 
extracellular space [ 2 ]. The secretion of that 
protein leads to a scavenging of secreted VEGF, 
preventing it from reaching nearby endothelial 
cells. The resulting depletion of local tissue 
VEGF levels deprives the endothelium of an 
essential survival factor, resulting in a signifi cant 
decrease in capillary density. The resulting tissue 
hypoxia then induces hypoxia- mediated hiberna-
tion and a defi cit in cardiac function due to the 
limited supply of O 2  to the ventricles. In other 
models it has been shown that genetic deletion of 
even a single allele of the VEGF gene during 
embryonic development evokes lethal conse-
quences [ 3 ]. These examples illustrate that indi-
vidual parenchymal cells are sensitive to the 
“normal” levels of tissue oxygenation and are 
capable of responding to a decrease in PO 2  by 
activating transcription of genes that help to 
augment tissue oxygen supply.  

    Characteristics of an Oxygen Sensor 

 Despite the existence of elaborate systemic and 
local systems that serve to regulate and sustain 
cellular oxygen supply, each cell responds to the 
onset of hypoxia by activating a host of protective 
responses, in anticipation that the oxygen supply 
could become critically limiting. These responses 
are initiated by even mild levels of hypoxia, and 
they become progressively more activated as the 
degree of hypoxia increases. The functional 
responses to hypoxia fall into two general cate-
gories. Posttranslational responses involve a 
suppression of metabolic energy-consuming 
activities, such as protein synthesis, combined 
with an upregulation of glycolysis through the 
translocation of glucose transport proteins to the 
plasma membrane. Transcriptional responses 
involve an increase in de novo expression of 
glycolytic enzymes, glucose transporters, and 
other genes that enhance the ability of the cell to 

1 Cellular and Molecular Mechanisms of O 2  Sensing
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maintain ATP production in the absence of oxygen. 
Both the posttranslational and the transcriptional 
responses act to suppress mitochondrial respira-
tion, which lowers the demand for oxygen and 
thereby lessens the degree of hypoxia in the tissue 
microenvironment. It is important to note that 
the activation of gene expression requires the 
activation of transcription factors, the generation 
of mRNA from the target genes, the translation 
of that message into a peptide at cytosolic ribo-
somes, and the folding, posttranslational modifi -
cation, and delivery of the new proteins to their 
sites of action. The time required for the comple-
tion of this process can be signifi cant, so it is 
important for the cell to initiate these responses at 
the fi rst sign of hypoxia. Clearly, a response that 
is not activated until the cell is already experiencing 
lethal hypoxia will not be useful in preventing 
that situation from developing in the fi rst place. 
Many of the posttranslational responses to hypoxia 
are mediated by the activation of the Adenosine 
Monophosphate Kinase system (AMPK) [ 4 ], 
while the majority of the transcriptional responses 
are mediated by activation of the transcrip-
tion factor Hypoxia-Inducible Factor (HIF) [ 5 ]. 
Cellular oxygen sensors are involved in the 
activation of both of these systems. 

    Definition of an Oxygen Sensor 

 By defi nition, an oxygen sensor is a molecular 
system capable of interacting with O 2  in a revers-
ible manner. The binding affi nity of this system 
for O 2  must correspond with the biological range 
of oxygen tensions that it seeks to measure. This 
is essential, as an oxygen sensor that becomes 
fully saturated with O 2  at a certain oxygen 
tension clearly would be incapable of detecting 
further increases in oxygenation. Another defi ning 
characteristic of an O 2  sensor is that it must be 
capable of transducing changes in its O 2  binding, 
allowing it to signal that information to other 
systems. Without that ability, it would be impos-
sible to elicit a response to a change in oxygen-
ation. It is also important to note that the terms 
“O 2  sensor” and “O 2 -sensitive” are frequently 
used interchangeably, but they are not equivalent. 

Responses in a cell may be O 2 -sensitive, in the 
sense that they change as the oxygenation state of 
the cell changes. But the fact that the activity of 
an enzyme or ion channel may change in response 
to hypoxia does not defi ne it as an O 2  sensor, as it 
may instead represent a downstream effector that 
has been activated by an upstream sensor.  

    Biophysical Properties of an O 2  Sensor 

 To understand how oxygen sensing functions in a 
cell, it is useful to defi ne hypoxia in terms of the 
relationship between cellular bioenergetic activity 
and extracellular oxygenation. To begin, consider 
the relationship between extracellular oxygen 
tension and mitochondrial respiration (Fig.  1.1 ). 
Such a relationship can be obtained experimen-
tally using a Warburg respirometer and an aliquot 
of dissociated cells (Fig.  1.2 ). A suspension of 
cells in media is transferred to the respirometer, 
which consists of a sealed chamber containing an 
O 2  detector (typically a polarographic Clark 
oxygen electrode). The liquid completely fi lls the 
chamber and displaces air, so the cells must rely 
on dissolved O 2  for their metabolic needs. As the 
cells metabolize O 2 , the oxygen tension in the 
vessel decreases steadily over time. The media is 
stirred continuously to keep the cells in suspen-
sion and to prevent the development of O 2  gra-
dients. Initially, the dissolved O 2  tension is 
equilibrated with ambient air, corresponding to a 
dissolved O 2  tension of ~150 Torr. This level of 
oxygenation is more than enough to satisfy the 
mitochondrial demand for O 2 , which is regulated 
by cellular metabolic activity and ATP consump-
tion by the cells. As they consume oxygen, the 
PO 2  in the solution decreases while the rate of 
oxygen consumption (calculated from the rate of 
decrease in PO 2 ) remains constant. This process 
continues until the oxygen tension in the solution 
falls to a critically low level (5–7 Torr). At that 
point the rate of oxygen consumption slows 
because oxygen availability limits mitochondrial 
electron transport. Further decreases in PO 2  cause 
even greater decreases in oxygen consumption, 
as the supply of O 2  limits the activity of the mito-
chondrial electron transport chain.

P.T. Schumacker
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  Fig. 1.1    Relationship between mitochondrial respiration 
and oxygen tension. For intact cells, respiration remains 
independent of extracellular PO 2  until a critical O 2  tension 
is reached, in the range of 5–7 Torr. Below that level, 
respiration becomes limited by oxygen availability at the 

mitochondria. Respiration by isolated mitochondria does 
not become O 2  limited until the oxygen tension reaches 
~1 Torr, because the diffusive transport resistance encoun-
tered in the cytosol is absent       

  Fig. 1.2    The Warburg respirometer. Cells or mitochon-
dria in solution are loaded into the reaction chamber via a 
long capillary tube. A magnetic stir bar keeps the cells in 
suspension, while the buffer PO 2  is assessed with an 
oxygen electrode. Above the critical O 2  tension, cellular 
respiration depends on metabolic activity, which deter-

mines mitochondrial respiration rate. This is manifested 
by a linear decrease in O 2  tension over time. Below the 
critical O 2  tension, the rate of oxygen consumption slows 
because O 2  availability limits respiration. Data from such 
an experiment is used to construct the relationship shown 
in Fig.  1.1        

    The decrease in cellular O 2  uptake below the 
critical threshold occurs because the diffusive O 2  
transport resistance of the cytosol creates an O 2  
gradient between the plasma membrane and the 

mitochondria. Mitochondrial cytochrome oxidase 
has a high apparent affi nity for oxygen, allowing 
the organelles to function normally as long as the 
mitochondrial PO 2  exceeds 1–2 Torr. Because an 
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O 2  gradient exists between the plasma membrane 
and the mitochondria, the mitochondria reach 
their critical PO 2  (1–2 Torr) when the extracellu-
lar PO 2  reaches a level of 5–7 Torr (corresponding 
to an intracellular gradient of 3–5 Torr) (Fig.  1.1 ). 
The existence of this  gradient can be demon-
strated by repeating the above experiment using 
isolated mitochondria, which lack this cytosolic 
O 2  gradient. Under those conditions, the rate of 
O 2  consumption by isolated mitochondria remains 
constant down to a PO 2  of 1–2 Torr. 

 Several important implications arise from this 
analysis. First, the gradient in O 2  tension in the 
cytosol (i.e., the difference in O 2  tension between 
the cell surface and the mitochondria) depends on 
(a) the rate of O 2  consumption by the cell, (b) the 
diffusive transport resistance of the cytosol, and 
(c) the geometric distribution of mitochondria 
throughout the cytoplasm. For a given rate of 
oxygen consumption, if we assume that a single 
giant mitochondrion sits at the center of a spheri-
cal cell, then mitochondrial PO 2  will vary in 
parallel with changes in the extracellular O 2  tension 
(Fig.  1.3 ). For example, if the cytosolic gradient 
is 5 Torr, then if extracellular PO 2  is 100 Torr then 
the mitochondrial O 2  tension would be 95 Torr. 
If the extracellular PO 2  decreases to 20 Torr, then 
the mitochondrial O 2  tension will decrease to 
15 Torr. Thus, mitochondrial PO 2  is not a fi xed 
number, but rather changes in parallel with 
changes in the extracellular O 2  tension. A second 
implication of this analysis is that the gradient in 
PO 2  between the cell surface and the mitochon-
dria (ΔPO 2 ) arises because the mitochondria are 
consuming oxygen (VO 2 ). Hence, applying a 
mitochondrial inhibitor to block electron trans-
port would abolish oxygen consumption and 
cause the mitochondrial PO 2  to increase to the 
extracellular level. In the above example, this 
would result in a 5 Torr increase in mitochondrial 
PO 2 . This point has important implications that 
will become clear further on.

   How steeply does the PO 2  decrease as we 
move into a cell? The answer to this question is 
diffi cult to estimate analytically in a real cell, 
because (a) the mitochondria are distributed in a 
network, (b) the diffusion coeffi cient for O 2  is 
affected by the distribution of aqueous and lipid 

components comprising the cell structures, (c) 
the geometry of most cells is far from spherical, 
and (d) the respiratory rates of individual mito-
chondria can vary depending on local differences 
in ATP demand throughout the cell. Nevertheless, 
a fi rst approximation of the radial oxygen tension 
gradient can be achieved if we assume that the 

  Fig. 1.3    ( a ) Simplistic model of a cell containing a 
mitochondrion at its geometric center. As the organelle 
consumes O 2 , a gradient is established between the extra-
cellular space and the mitochondrion. As a fi rst approxi-
mation, the magnitude of this gradient (ΔPO 2 ) depends on 
the rate of O 2  consumption, the diffusive gas transport 
resistance ( R  diff ), and the geometry of the cell. ( b ) Oxygen 
tension as a function of the radial distance from the mito-
chondria to the cell surface, in an idealized spherical cell. 
Studies suggest that a normal ΔPO 2  is approximately 
2–5 Torr; hence, mitochondrial oxygen tension is normally 
2–5 Torr less than extracellular PO 2        
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cell is spherical, that a single mitochondrion at its 
geometric center is responsible for all of the 
oxygen consumption, and that the cell interior has 
a uniformly distributed gas transport conductivity. 
Under those assumptions, the PO 2  decreases 
inversely between the cell surface and the mito-
chondria (Fig.  1.3 ). 

 In terms of defi ning an “ideal” cellular loca-
tion for a molecular oxygen sensor, the above 
analysis suggests that the location is relatively 
unimportant. Clearly, the lowest oxygen tension 
will occur at the sites where oxygen is consumed, 
and the highest concentration will occur at the 
plasma membrane. However, except in cases 
where the cellular oxygen consumption rate is 
unusually high, the difference between the maxi-
mal and minimal O 2  tensions only amounts to a 
few torr. Empirical studies of intracellular O 2  
gradients have yielded confl icting results regard-
ing the magnitude of these gradients. In working 
muscle preparations, refl ectance cryospectros-
copy has been used [ 6 ] to estimate myoglobin 
saturation in rapidly frozen muscle samples [ 7 – 11 ]. 
Based on the relationship between myoglobin 
saturation and oxygen tension, the spatial distri-
bution of intracellular PO 2  could be inferred from 
the oxymyoglobin dissociation curve. Those 
studies indicated that intracellular O 2  gradients in 
myoglobin-containing tissues were very small, 
on the order of 1 Torr [ 12 ]. As expected, this 
gradient was found to decrease when O 2  uptake 
was inhibited with cyanide in isolated cardiomy-
ocytes [ 13 ,  14 ]. In hepatocytes, other studies 
have estimated the gradient based on a compari-
son of the Km for O 2 -dependent oxidases and the 
observed O 2 -dependence of respiration by intact 
cells [ 15 ]. These studies tend to confi rm that the 
difference in PO 2  between the cell surface and the 
central core of the cell generally amounts to only 
a few torr. It is therefore reasonable to conclude 
that the intracellular O 2  tension is only a few torr 
less than the extracellular level.   

    Proposed Models of O 2  Sensing 

 A number of possible oxygen sensing systems 
have been proposed by different investigators 
over the past 4 decades. Some of these arose from 

investigators interested in the arterial chemo-
transduction system and the carotid body 
response to hypoxia, while others arose from the 
group of scientists interested in the mechanisms 
responsible for activating the expression of eryth-
ropoietin during hypoxia. Some of these models 
have subsequently been disproven, a few have 
evolved in response to new discoveries, and 
others have not been pursued. Each model meets 
the defi nition of an oxygen sensor by describing 
a putative interaction between a sensor and 
molecular oxygen with an affi nity that corre-
sponds to a physiological concentration of O 2 . 
In some cases the models incorporate a signaling 
mechanism that would function to transmit infor-
mation regarding oxygen abundance (or lack) to 
 downstream targets. 

    O 2  Sensing Heme Proteins 

 More than 45 years ago it was recognized that 
cobalt salt administration to rats induced a severe 
polycythemia, which was triggered by excessive 
secretion of the hormone erythropoietin [ 16 ]. 
Treatment with cobalt or other transition metals 
was later shown to stimulate erythropoietin 
secretion from hepatoma cells in culture [ 17 ] 
through a mechanism involving transcriptional 
activation of the erythropoietin gene [ 18 ,  19 ]. 
This led Goldberg and colleagues to hypothesize 
that the O 2  sensor might be a heme protein that 
would undergo a structural change in response to 
the binding and release of molecular oxygen [ 18 ]. 
It was thought that cobalt ions could replace the 
iron in newly synthesized heme groups, thereby 
preventing coordination with O 2 , locking the 
sensor into a “deoxy” confi guration and activat-
ing the hypoxic response. However, subsequent 
studies showed that cobalt-induced activation 
of erythropoietin expression by hepatoma cells 
is not prevented by inhibitors of heme synthesis 
[ 20 ]. Those fi ndings discount the idea that cobalt 
incorporation into heme is responsible for 
hypoxic activation of the sensor, but they do not 
rule out the possibility that the interaction of O 2  
with a sensor involves a heme protein. While a 
protein–heme system could be still be involved, 
no such system has been identifi ed to date. 
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Therefore, while the idea remains sound, the 
veracity of this model has not been established.  

    NAD(P)H (NOX) Oxidases 

 NAD(P)H oxidases are multisubunit membrane- 
associated complexes that remove electrons from 
the reduced dinucleotides nicotinamide adenine 
dinucleotide (NADH) or nicotinamide adenine 
dinucleotide phosphate (NADPH) and transfer 
them to molecular O 2 , yielding superoxide anion. 
The fi rst description of NADPH oxidase focused 
on the system in phagocytic cells involved in host 
defense    [ 21 ,  22 ]. The phagocytic form of the 
enzyme is comprised of multiple components, 
including membrane-associated cytochrome b 558 , 
the gp91 phox  (NOX2), p22 phox , the cytosolic p47 phox  
and p67 phox  proteins, and a number of associated 
proteins including rac-1 or rac-2, p40, and rap1A. 
The release of oxidants in phagocytic cells occurs 
across the plasma membrane, resulting in ROS 
secretion into an intracellular vesicle after 
phagocytosis. Other types of NAD(P)H-linked 
oxidase systems have been described in non-
phagocytic cells, each of which contains a redox-
active NOX subunit and at least one other subunit 
[ 23 ,  24 ]. These systems have been suggested to 
function as O 2  sensors in a variety of cell types, 
including blood vessels [ 23 ]. 

 The original implication of NAD(P)H oxidase 
as an oxygen sensor was based on the expectation 
that the O 2  dependence of its activity should lead 
to a decrease in superoxide generation as the 
oxygen tension decreases. The decrease in oxi-
dant generation would then create a “reductive 
stress” in the cell, which could affect the redox 
status of various target proteins mediating the 
cellular response. Based on immunohistochem-
istry, expression of various subunits of the 
NAD(P)H oxidase system has been shown to 
occur in a number of O 2 -sensitive cells including 
type I cells of the carotid body [ 25 ], vascular 
cells [ 26 ], endothelium [ 27 ], and other cell types. 
However, demonstration of the involvement of 
these oxidases in the O 2  sensing pathway requires 
a genetic deletion, which should abolish the 
hypoxic response. 

 In that regard, Archer et al. examined the 
hypoxic pulmonary vasoconstrictor response in 
mice carrying a genetic deletion of the gp91 phox  
subunit of the NAD(P)H oxidase system [ 28 ]. 
Although the pulmonary response to hypoxia in 
the mouse is modest, the response was not abol-
ished in the absence of gp91 phox . Those fi ndings 
indicate that the oxygen sensing response in the 
lung does not require that protein. Subsequently, 
Weissmann and colleagues tested the hypoxic 
response in lungs from mice with a genetic dele-
tion of the p47phox subunit and found that the 
acute response was signifi cantly attenuated but 
not abolished [ 29 ]. Collectively, these results 
suggest that NAD(P)H oxidase systems may 
 participate in the signaling pathways activated by 
hypoxia but may not be essential for triggering 
the response. Notably, the loss of p46 phox  should 
have attenuated ROS generation by the oxidase, 
yet this attenuated the hypoxic response. This 
suggests that increases in ROS signaling contrib-
ute to the hypoxic response, which contradicts 
the intuitive expectation that ROS production 
should decrease when O 2  levels decrease.  

    O 2 -Sensitive Ion Channels 

 An O 2 -sensitive ion channel represents an attrac-
tive model to explain cellular oxygen-dependent 
responses. Such a channel could function as an 
O 2  sensor by interacting with molecular O 2 , 
which would modify its conductance and thereby 
regulate ion transport and/or membrane poten-
tial. The glomus (type I) cells of the carotid body 
are electrically excitable cells that secrete neu-
rotransmitters in response to hypoxia. The Na + , 
Ca 2+ , K + , and other ion channels expressed in 
these cells have been the focus of extensive study 
in the search for an O 2  sensing mechanism. 
Current understanding of glomus cells suggests 
that membrane delayed rectifi er potassium chan-
nels undergo a decrease in open channel proba-
bility without undergoing a change in single 
channel conductance [ 30 ,  31 ]. In rats, the 
hypoxia-sensitive channels appear to be com-
prised of maxi-K channels [ 32 ,  33 ], whereas in 
mice the voltage-dependent Kv 3.x channels 
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fulfi ll this role [ 34 ]. In either case, inhibition of 
these K +  channels induces membrane depolariza-
tion, leading to the opening of voltage-dependent 
calcium channels, Ca 2+  entry, and neurotransmitter 
release [ 35 ]. 

 Today there is little doubt about the existence 
of O 2 -sensitive ion channels. A wide range of O 2 - 
regulated ion channels have been described by a 
number of laboratories and in a number of differ-
ent cell types. However, a central unanswered 
question is whether the membrane ion channels 
are directly responsive to O 2  or whether they are 
regulated by signals originating in a nearby O 2  
sensor. One intriguing study discovered that 
Heme Oxygenase-2 (HO-2) co-precipitates with 
heterologously expressed maxi-K +  channels. 
HO-2 utilizes O 2  as it degrades heme into biliver-
din, iron, and carbon monoxide (CO); it is 
expressed in carotid body glomus cells; and 
siRNA knock-down of HO-2 abolishes the O 2  
sensitivity of expressed channels. Interestingly, 
maxi-K +  channels in membrane patches from 
glomus cells were activated by substrates that 
enhance HO-2 activity [ 36 ]. These fi ndings 
raised the possibility that CO released from the 
O 2 -dependent activity of HO-2 and activating 
nearby maxi-K +  channels could mediate the O 2  
sensitivity of the carotid body. Such a system 
would fully meet the defi nition of an O 2  sensor. 
However, subsequent studies of carotid body 
function in the HO-2 knockout mouse failed to 
detect any difference in sensitivity to graded levels 
of O 2  compared with wild-type controls [ 37 ]. 
These fi ndings appear to rule out the possibility 
that HO-2 is functioning as a transducer of oxygen 
levels in the carotid body glomus cells.  

    Hypoxia-Inducible Factors 
and the Role of Prolyl Hydroxylases 
as O 2  Sensors 

 The activation or suppression of gene expression 
in response to hypoxia requires an oxygen sensor. 
The principal transcription factors involved in 
the hypoxic response are the Hypoxia-Inducible 
Factors, principally HIF-1 and HIF-2. The search 
for these proteins began in the early 1990s, 

among investigators interested in understanding 
how the erythropoietin gene was regulated by 
oxygen. It had long been known that oxygen defi -
ciency triggers increased expression of erythro-
poietin by the kidney, and that certain transformed 
cell lines, notably Hep3B and Hep3G hepatoma 
cells, also respond to hypoxia by activating the 
expression and secretion of erythropoietin [ 17 ]. 
Analysis of DNA regions fl anking the erythro-
poietin gene had shown that certain regions were 
required for the increase in expression during 
hypoxia. This observation suggested the exis-
tence of an O 2 -regulated transcription factor, 
which led to a search for proteins capable of 
binding to oxygen-sensitive regions near the 
erythropoietin gene. The subsequent cloning of 
Hypoxia-Inducible Factor-1 (HIF-1) by Gregg 
Semenza’s laboratory at Johns Hopkins 
University [ 38 – 40 ] represents an important mile-
stone in our understanding of the mechanisms 
regulating the expression of genes under hypoxia. 
Although the initial interest in HIF was centered 
its role in regulating erythropoietin expression in 
specifi c cell types, it was later discovered that the 
3′ enhancer of the EPO gene could trigger 
O 2 -dependent gene activation in a wide range of 
other cell types genes [ 41 ]. That discovery led to 
the realization that O 2  sensing system regulating 
the EPO gene is broadly operative in many cell 
types. Subsequent studies have made enormous 
progress in understanding which genes are regu-
lated by HIF, and how HIF itself is regulated in 
response to changes in the oxygen level [ 42 ]. 

 Activation of HIF-1 triggers expression of 
glycolytic enzymes, membrane glucose trans-
porters, vascular growth factors, proteins contrib-
uting to the regulation of vascular tone, cell death 
and survival genes, and other transcription factors 
that indirectly regulate expression of other genes. 
Hundreds of genes have been shown to be regu-
lated by HIF, including a handful of other tran-
scription factors. However, not all of these genes 
are expressed in every cell type. HIF-1 is essen-
tial for embryonic development, and genetic 
deletion of HIF-1α induces embryonic lethality 
[ 43 – 45 ]. HIF-1, and a related distinct gene HIF- 
2, contribute to oxygen homeostasis after birth 
and throughout adulthood by contributing to 
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processes such as cell apoptosis, wound healing, 
erythropoiesis, and regulation of vascular tone. 
Increasing evidence reveals that HIFs also 
contribute importantly to the regulation of tumor 
angiogenesis and tumor progression. Hence, HIF 
plays important roles throughout life, both in 
health and in disease states. 

 As a transcription factor, HIF functions as a 
heterodimer comprised of α and β subunits [ 46 ]. 
Under normoxic conditions its activity is rela-
tively low, but as the oxygen level decreases 
below 5 % it becomes progressively more acti-
vated [ 47 ]. After the discovery of HIF, investiga-
tors focused their attention toward understanding 
how its activity was regulated by oxygen. One 
early observation was that both subunits are tran-
scribed and translated constitutively in cells, but 
only the α subunit is regulated by cellular oxygen-
ation. Interestingly, the abundance of the α sub-
unit was found to vary reciprocally with the [O 2 ], 
such that under “normoxic” conditions the α sub-
unit levels are minimal whereas under “hypoxic” 
conditions the concentration of HIF-α increases. 
It was subsequently found that the α subunit is 
rapidly degraded by the proteasome system, and 
this O 2 -dependent degradation depends on a 
region of the protein known as the oxygen-
dependent degradation domain (ODD) [ 48 ]. 
Moreover, expressing a peptide that contains the 
ODD from HIF-1α confers oxygen- dependent 
stability to the protein. An important subsequent 
discovery was that the degradation of HIF-1α in a 
normoxic cell requires the activity of von Hippel–
Lindau (vHL) protein [ 49 ]. The vHL comprises 
an E3 ubiquitin ligase, which targets the protein 
for proteasome degradation by ligating ubiquitin 
residues to lysine. Degradation of the α subunit 
begins with its hydroxylation at two conserved 
proline residues located in a region of the 
protein that has been shown to be required 
for O 2 -dependent regulation. Three different 
2- oxoglutarate-dependent enzymes, termed pro-
lyl hydroxylases, carry out this modifi cation. 
Prolyl hydroxylases require Fe 2+ , 2-oxoglutarate, 
and molecular oxygen, so hydroxylation of HIF 
is prevented by complete anoxia, iron chelators, 
and competitive inhibitors that obstruct the binding 
of 2-oxoglutarate to the enzyme. Hydroxylation 

of the proline residues facilitates interaction of 
HIF-1α with vHL protein, an E3 ubiquitin ligase 
that labels the protein for destruction in the 
proteasome. Although HIF-1α is constitutively 
expressed, most of the transcribed protein is rapidly 
degraded by the cell. If cells are incubated under 
hypoxic conditions, the levels of the α subunit 
increase markedly within 1 h. However, if normoxic 
conditions are restored, the protein is rapidly 
degraded within a few minutes. Of the three 
prolyl hydroxylases involved in HIF regulation, 
PHD2 is the principal enzyme involved in the 
oxygen-dependent regulation of the α subunit [ 50 ]. 
Not surprisingly, genetic deletion of PHD2 
causes embryonic lethality in mice due to uncon-
trolled activation of HIF-dependent transcription 
[ 51 ]. Peter Ratcliffe’s group at Oxford and 
William Kaelin’s group at the Dana Farber 
Cancer Institute in Boston simultaneously dis-
covered that hydroxylation of these proline resi-
dues enables recognition of the protein by the 
vHL protein [ 52 ,  53 ]. The vHL is an E3 ubiquitin 
ligase that interacts with HIF after proline 
hydroxylation has occurred. The Ratcliffe lab 
had previously shown that vHL ligates ubiquitin 
to HIF, which labels the protein for immediate 
proteolytic degradation [ 49 ,  54 ]. This process is 
extremely rapid, such that newly transcribed 
HIF-1α has a half-life of less than 1–2 min in the 
normoxic cell. Von Hippel–Lindau syndrome is 
an autosomal dominant disease arising from 
mutations in the vHL gene. The loss of functional 
vHL is associated with the formation of highly 
vascular tumors such as renal clear-cell carcinomas 
that exhibit constitutive activation of HIF and 
associated excessive production of vascular growth 
factors. 

 In terms of oxygen sensing, the critical ques-
tion then focuses on how prolyl hydroxylases are 
regulated by molecular oxygen. One simple and 
attractive idea is that prolyl hydroxylase itself is 
the oxygen sensor. As the enzyme uses O 2  as a 
substrate, hypoxia could limit PHD activity and 
attenuate hydroxylation of HIF-α, thereby sup-
pressing the fi rst step in its degradation. For this 
to work, PHD2 would need to demonstrate an 
affi nity for O 2  that is compatible with the 
observed relationship between cellular [O 2 ] and 
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HIF-1α stabilization [ 55 ]. In vitro studies using 
recombinant PHD protein suggest that PHD has a 
relatively low affi nity for oxygen, which is com-
patible with this idea. However, a recombinant 
protein from a bacterial expression system lacks 
the posttranslational modifi cations that may reg-
ulate its function within an intact cell, so further 
tests of this hypothesis will require an experiment 
where the O 2  dependence of PHD2 can be moni-
tored in the cell. Thus, the specifi city of PHD in 
terms of its ability to transduce the local oxygen 
concentration into the stability of HIF-α subunits 
is not yet clear. However, it is clear that this system 
provides a robust ability to detect anoxic condi-
tions, as the enzymes split molecular oxygen in 
the hydroxylation process and cannot function in 
the absence of that substrate. 

 HIF-dependent gene expression is also modi-
fi ed by the  HIF asparaginyl hydroxylase , known 
as FIH. This 2-oxoglutarate-dependent enzyme 
hydroxylates HIF-1 and HIF-2 at a conserved 
asparagine residue in the carboxy terminal 
regions of the proteins [ 56 ,  57 ]. Hydroxylation 
under normoxic conditions leads to an inhibition 
of the interaction between HIF and the p300 
transcriptional co-activator. Under hypoxic con-
ditions FIH activity declines, allowing the 
accumulating HIF-α protein to initiate gene tran-
scriptional activation. This mechanism therefore 
provides a second line of defense against abnormal 
HIF activity – even if HIF-α is stabilized, its 
activity is restricted. This mechanism may be 
more important in some cell types than in others. 
In any case, its inhibition during hypoxia may be 
mediated by ROS signals, which are generated 
during hypoxia and can inhibit FIH [ 58 ].  

    Nitric Oxide Participation in the O 2  
Sensing Pathway Regulating HIF 

 An interesting model to explain the regulation of 
hypoxic HIF stabilization by nitric oxide (NO) 
was proposed by Moncada and colleagues [ 59 ]. 
That model is based on the empirical observation 
that low concentrations of NO tend to inhibit 
HIF-1α stabilization in hypoxic cells. It was 
already known that NO can inhibit mitochondrial 

respiration by competing with O 2  at the binuclear 
center of cytochrome oxidase (mitochondrial 
complex IV), thereby displacing O 2  and causing 
oxygen consumption to fall [ 60 ]. According to 
the Moncada et al. model, low concentrations 
of NO prevent the stabilization of HIF-1α by 
restricting mitochondrial respiration. As described 
earlier, inhibition of mitochondrial respiration 
abolishes the gradient in [O 2 ] between the plasma 
membrane and the mitochondria. Thus, when NO 
limits mitochondrial function the cell experi-
ences an increase in the “average [O 2 ]” in the 
cytosol. This would augment the oxygen avail-
able to PHD, whose function was already limited 
by the hypoxic conditions. The augmented PHD 
function would then accelerate HIF-1α hydroxyl-
ation and thus degradation. 

 To be clear, this model is founded on the idea 
that PHD functions as the O 2  sensor regulating 
HIF-α stabilization. The veracity of the model 
appears to hinge on the magnitude of the O 2  
gradient between the plasma membrane and the 
mitochondria, in relationship to the affi nity of 
PHD for oxygen. For example, if the “average 
cytosolic PO 2 ” in a cell is only a few torr less than 
the O 2  tension at the plasma membrane, then 
abolishing mitochondrial respiration will pro-
duce, at most, an increase of only a few torr in the 
cytosol. For the model to work, this small increase 
would have to be suffi cient to restore PHD activity 
and HIF-1α degradation. Thus, while intriguing, 
some conceptual questions related to this model 
still need to be addressed. 

 The biological role of NO signaling in the 
response to hypoxia is complex. NO synthase 
requires molecular oxygen as a substrate, so 
the simplistic expectation is that NO production 
by NO synthases should decrease during hypoxia. 
However, studies in yeast led to the discovery that 
mitochondrial cytochrome oxidase can continue 
to function under anoxic conditions, indicating 
that an electron acceptor alternative to O 2  can be 
utilized [ 61 ]. This alternative is nitrite, which 
binds to the terminal oxidase in the mitochondrial 
electron transport chain and is reduced by the 
enzyme, generating NO. This process becomes 
active at low oxygen concentrations (below 
20 μM) and also occurs in mammalian hepatocytes. 
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Low pH conditions also favor this process, raising 
the possibility that it may be important in regu-
lating cellular responses to tissue ischemia, where 
very low O 2  levels co-exist with low pH condi-
tions. This interesting discovery raises the possi-
bility that cytochrome oxidase, by generating NO 
signals at low oxygen conditions, could function 
as an oxygen sensor in eukaryotic cells [ 62 ]. 
Further work is needed to establish the biological 
signifi cance of this interesting response and to 
determine whether it operates at moderate levels 
of hypoxia.   

    Mitochondrial Oxygen Sensing 

 As the principal site of oxygen utilization in the 
cell, the mitochondria have long been considered 
to be attractive as a potential site of O 2  sensing. 
Cytochrome  c  oxidase, also referred to as cyto-
chrome  aa  3  because it carries the  a  and  a  3  heme 
centers, comprises the terminal complex of the 
mitochondrial electron transport chain. This 
complex consists of approximately 13 subunits in 
mammalian cells [ 63 ] although tissue-specifi c 
expression of certain subunits may occur [ 64 ,  65 ]. 
The electrons used to reduce O 2  to H 2 O are 
obtained from the oxidation of metabolic inter-
mediates in glycolysis and in the tricarboxylic 
acid cycle. Sequential transfer of electrons to 
cytochrome c oxidase from cytochrome c drives 
the proton translocation process at that complex 
[ 66 ]. Changes in the availability affecting O 2  
binding at the oxidase could therefore potentially 
affect the redox status of electron transport com-
plexes at more proximal sites in the electron 
transport chain. Redox changes in those electron 
carriers might then activate a signaling pathway, 
thereby allowing the mitochondria to “sense” O 2  
and to telegraph that information to the rest of 
the cell. 

 However, that model is confounded by the 
observation that mitochondrial respiration remains 
independent of the local [O 2 ] until the oxygen 
tension at the oxidase falls to near-anoxic levels 
(1–3 Torr, Fig.  1.1 ). A low apparent Km of cyto-
chrome oxidase for O 2  would therefore suggest 
that mitochondrial redox should remain unaffected 

by changes in [O 2 ], as long as the oxygen levels 
remain above the critically low levels where elec-
tron transport becomes limited. If so, then the 
mitochondria would function well as sensors of 
anoxia, but would be incapable of detecting 
moderate levels of hypoxia in the cell. 

 One possible explanation of this paradox was 
suggested by Mills and Jobsis [ 67 ], who hypoth-
esized that O 2 -sensitive tissues such as the carotid 
body may contain a second “isoform” of cyto-
chrome oxidase with signifi cantly lower affi nity 
for O 2 . A low affi nity cytochrome could poten-
tially serve as an O 2  sensor because its redox state 
would change dramatically over the  physiological 
range of oxygen tensions. In support of that idea, 
one group studying perfused carotid body prepa-
rations noted that the fall in tissue PO 2  in response 
to a cessation of blood fl ow became slower as 
tissue oxygen tension reached lower levels [ 68 ,  69 ]. 
The rate of O 2  disappearance (dPO 2 /dt) was 
analyzed using a mathematical model that took 
into account the infl uence of O 2  release from 
hemoglobin trapped in the tissues. That analysis 
yielded results consistent with a two-cytochrome 
model in the carotid body [ 70 ]. However, the 
results were indirect and could conceivably be 
explained by alternative mechanisms [ 71 ]. For 
example, it is possible that the lower rate of O 2  
consumption at lower tissue PO 2  could be caused 
by a suppression of metabolic demand for ATP, 
or a decrease in non-mitochondrial oxidase 
activity, rather than a limitation of electron trans-
port by cytochrome oxidase. Hence, although the 
idea that cytochrome oxidase isoforms in O 2 -
sensitive tissues may allow the oxidase to func-
tion as an O 2  sensor is conceptually appealing, 
direct evidence in support of this hypothesis has 
not been reported. 

 Cytochrome oxidase can bind O 2  with high 
affi nity at the  a  3  site when the heme is in the 
ferrous state, and it can bind HCN, HN 3 , or H 2 S 
when heme  a  3  is in the ferric state [ 72 ]. When 
reduced, heme  a  3  can also bind CO, albeit with 
much lower affi nity than O 2 . Nevertheless, at 
high partial pressures, CO will form complexes 
with heme a 3  in cytochrome oxidase, thereby 
blocking electron transfer to O 2  and causing the 
proximal electron carriers in the chain to become 
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fully reduced. Administration of CO had previ-
ously been found to mimic the effects of hypoxia 
[ 73 ,  74 ]. This led Lahiri et al. to hypothesize that 
the interaction of CO with cytochrome oxidase 
in the carotid body might explain its effects on 
chemotransduction [ 74 ,  75 ]. One diffi culty in 
understanding this model is the issue of which 
heme(s) the CO may be interacting with to cause 
the change in chemosensory discharge. A second 
as- yet unresolved issue relates to the identity of 
the secondary signal transduction signals that 
link the O 2  sensor with the increase in type I 
cell Ca 2+  elevation. The interpretation is further 
clouded in the intact carotid body, where carotid 
sinus nerve activity may be infl uenced by cell-
specifi c differences in cytochrome reduction, CO 
binding, and sensitivity to metabolic inhibitors. 
At present, this remains an intriguing concept but 
a number of critical questions remain unanswered. 

    The Mitochondrial ROS Hypothesis 

 A growing body of evidence implicates 
mitochondria- derived ROS signals in trigger-
ing both transcriptional and posttranslational 
responses to hypoxia in a wide range of cells. The 
principal source of these hypoxia-induced oxidant 
signals appears to be complex III. In terms of 
oxygen sensing, this implicates the electron 
transport chain as an O 2  sensor, with oxidant 
signals released to the intermembrane space and 
the cytosol functioning as second messengers. 
The process of ROS generation by mitochondria, 
which have long been known to generate ROS 
[ 76 ,  77 ], is described next. 

 ROS generation by mitochondria can occur 
when a single electron is transferred from the 
electron transport chain to molecular oxygen, 
generating a superoxide radical. Hydrogen perox-
ide can subsequently be generated by the dismu-
tation of two superoxide molecules by superoxide 
dismutase. Until recently, these oxidants were 
considered to be toxic by-products of the electron 
transport chain that contributed to cell injury in 
ischemia–reperfusion injury [ 78 – 83 ] and other 
disorders [ 84 ,  85 ]. However, more recent work 
suggests that some mitochondrial oxidants may 

function as signaling messengers in response to 
a variety of biochemical events [ 86 ] including 
the oxygen sensing transduction pathway [ 87 ,  88 ]. 
A potentially important mechanism by which 
mitochondria could signal changes in O 2  ten-
sion would be to alter the generation of ROS. 
Mitochondrial oxidative phosphorylation is regu-
lated at multiple sites [ 89 ], and the redox state of 
the electron transport system is responsive to a 
wide range of metabolic signals. Changes in 
mitochondrial redox status could therefore pro-
vide a mechanism for altering the generation of 
ROS. The redox signal resulting from the change 
in ROS production would then be subject to 
further modifi cation by antioxidant systems that 
exist in various compartments. 

 In terms of the site of production, mitochon-
drial superoxide production can occur at complex 
I [ 90 – 93 ], II [ 94 ], or III [ 95 – 101 ], principally 
through the escape of electrons from reduced 
iron–sulfur groups, fl avin-containing proteins, or 
from the free radical ubisemiquinone in the Q 
cycle of complex III. Depending on the site of 
superoxide generation, the oxidants may be 
released to the matrix compartment or to the 
intermembrane space. Superoxide dismutase is 
expressed in each of these compartments leading 
to H 2 O 2  generation. Most studies assessing the 
sites of mitochondrial ROS production have used 
pharmacological inhibitors to restrict electron 
fl ux to specifi c regions of the electron transport 
chain, while simultaneously measuring oxidant 
production. Depending on where electrons are 
fed into the chain, these inhibitors can either 
increase or decrease superoxide production from 
specifi c sites. For example, rotenone, an inhibitor 
that acts at the downstream end of complex I, 
increases superoxide production from that com-
plex when NADH is used as a substrate [ 90 ], 
whereas ROS production from complex I is 
decreased by rotenone if electrons are supplied 
using succinate at complex II, as reverse electron 
fl ux into complex I is prevented [ 91 ]. 

 In the electron transport chain, complexes I 
and II each deliver pairs of electrons to the 
mobile electron carrier ubiquinone, yielding 
ubiquinol. The ubiquinol then migrates to the Qo 
site in complex III, where the two electrons are 
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removed sequentially. The fi rst electron is passed 
to the Rieske iron–sulfur protein (RISP) in com-
plex III, which subsequently passes the electron 
to cytochrome c 1 , to cytochrome c, and fi nally to 
cytochrome oxidase. Removal of the fi rst elec-
tron from ubiquinol by RISP generates the tran-
sient free radical, ubisemiquinone, at the Qo site. 
Normally, the second electron is rapidly removed 
by the b cytochromes, thereby returning ubiqui-
none to the membrane pool. However, if the 
removal of the unpaired electron from ubisemi-
quinone is delayed, superoxide may be generated 
if the electron is instead captured by molecular 
O 2 . Thus, the lifetime of the ubisemiquinone at 
complex III represents a potential mechanism 
for controlling ROS generation at the Qo site. 
Interventions that prolong the lifetime of ubisemi-
quinone lead to a marked increase in superoxide 
formation at the Qo site. The toxin antimycin A, 
for example, prevents removal of the second elec-
tron and causes a large increase in superoxide 
generation [ 95 ].  

    Hypoxia-Induced ROS Signaling 
in the Mitochondrial Intermembrane 
Space 

 A growing body of data indicates that hypoxia 
increases ROS generation at the Qo site of com-
plex III, possibly by increasing the lifetime of 
the ubisemiquinone at that site. As this pocket is 
near the outer surface of the inner mitochondrial 
membrane, superoxide generated there should 
enter the intermembrane space and could subse-
quently migrate to the cytosol. Genetic studies 
implicating complex III were reported by Guzy 
et al., who assessed ROS production during 
hypoxia. To assess ROS signals they used a novel 
FRET-based redox sensor, HSP-FRET, to measure 
thiol oxidation in the cytosol [ 102 ]. Interestingly, 
they detected increases in oxidation of the sensor 
during acute hypoxia, which were attenuated 
when expression of the RISP was suppressed 
using short hairpin RNA interference. Consistent 
with that work, Mansfi eld and colleagues studied 
ROS production in embryonic cells from mice 
with a genetic deletion of cytochrome c [ 103 ]. 

In the absence of cytochrome c, the RISP in 
complex III remains fully reduced, which blocks 
Q cycle operation and thereby prevents the 
generation of superoxide at the Qo site of com-
plex III. Both the RISP knockdown and the cyto-
chrome c-defi cient cells failed to generate an 
oxidant signal in the cytosol during hypoxia, and 
they also failed to stabilize HIF-1α. However, the 
same cells retained the ability to stabilize HIF-α 
in response to prolyl hydroxylase inhibition by 
DMOG, indicating that the impaired response 
was specifi c to the detection of hypoxia. These 
fi ndings implicate electron fl ux through complex 
III as a critical event in the detection of hypoxia 
in cells. 

 A fuller test of the mitochondrial ROS 
hypothesis required the ability to measure oxi-
dant signals in subcellular compartments. This 
goal has been hindered by the lack of tools for 
assessing subcellular redox status. Recent stud-
ies by Waypa et al. began to address this by tar-
geting redox-sensitive fl uorescent sensors to 
various subcellular compartments [ 104 ]. These 
sensors (roGFPs) are mutants of green fl uores-
cent protein (GFP) that contain two cysteine 
residues in the outer surface of the chromophore 
[ 105 ]. Oxidation of a cysteine thiol by H 2 O 2  or 
superoxide leads to dithiol formation, which 
alters the fl uorescence properties of the protein 
[ 106 ]. This behavior allows roGFP to function 
as a thiol redox sensor. In practice, the protein is 
expressed in cells and is then interrogated by 
excitation with light at two different wave-
lengths (typically 405 and 488 nm) during an 
experiment. The emission at 525 nm (when 
excited at 405 and 488 nm) provides a ratiomet-
ric measure of the redox status that is indepen-
dent of protein expression levels, excitation 
intensity, or other factors. Moreover, oxidation 
or reduction of the protein is reversible, allow-
ing the sensor to be calibrated at the end of the 
experiment by applying chemical reducing and 
oxidizing agents. To accomplish this, the emis-
sion ratios are measured during the experiment, 
and at the end of the study the cells are bathed in 
dithiothreitol (to reduce cellular thiols) followed 
by aldrethiol (to oxidize all cellular thiols). The 
ratios obtained in states where the protein is 
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fully reduced or oxidized are then used to calcu-
late the redox status corresponding to the ratios 
obtained during the study. 

 Targeting expression of the protein to specifi c 
subcellular compartments is accomplished using 
genetic engineering. For example, roGFP expres-
sion can be directed to the mitochondrial matrix 
by appending the mitochondrial targeting 
sequence from cytochrome oxidase subunit IV 
(another matrix protein) to the amino terminus of 
roGFP [ 104 ]. To target the sensor to the inter-
membrane space, roGFP was appended to the 
carboxy terminus of glycerol phosphate dehydro-
genase (GPD). The carboxyl tail of this    protein 
normally resides in the intermembrane space, 
while the mid-region of the protein is embedded 
in the inner mitochondrial membrane. In both 
targeting schemes, immunogold localization 
studies confi rm the expected localization of the 
sensor proteins [ 104 ]. Conceivably, a wide range 
of methods could be used for targeting expres-
sion of the sensor to specifi c cellular domains. 
Since the fl uorescence from the cell originates 

exclusively from the compartment where the 
sensor is expressed, simple whole cell fl uores-
cence measurements provide a measure of the 
redox conditions in the compartment of interest. 

 Pulmonary arterial smooth muscle cells 
respond to hypoxia by contracting via increases 
in cytosolic ionized calcium levels. To assess 
redox signaling in that response, Waypa et al. 
compared redox responses in the cytosol, inter-
membrane space, and mitochondrial matrix 
during acute hypoxia, using the targeted roGFP 
sensors described above (Fig.  1.4 ). Under base-
line normoxic conditions, roGFP in the cytosol 
was approximately 20 % oxidized, whereas it 
was ~45 % oxidized in the intermembrane space 
and 70 % oxidized in the matrix compartment. 
During acute hypoxia, increases in oxidation 
were detected in the cytosol (35 %) and in the 
intermembrane space (65 %). By contrast, roGFP 
oxidation in the matrix decreased signifi cantly 
during hypoxia. These fi ndings reveal several 
important points. First, signifi cant differences in 
basal redox conditions exist at different sites 

  Fig. 1.4    Oxidant signaling response to hypoxia in cyto-
sol, mitochondrial intermembrane space, and matrix 
compartment, in pulmonary artery smooth muscle cells. 
The redox-sensitive protein roGFP was targeted to each 
compartment, and cells were studied under controlled O 2 /

CO 2  conditions on a fl uorescence imaging microscope. 
Differences in baseline levels of protein thiol redox state 
exist in these compartments, as does the direction and 
magnitude of change during 1.5 % O 2  challenge       
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within the cell. Second, hypoxia causes an 
increase in oxidation within the intermembrane 
space and the cytosol, which is consistent with 
the hypothesized release of superoxide from the 
outer surface of the inner membrane. Third, 
important differences in the redox response to 
hypoxia can occur among different compart-
ments, with some undergoing oxidation and 
another undergoing reductive stress. It is reason-
able to propose that the generation of ROS in the 
matrix compartment is nonspecifi c and propor-
tional to the O 2  concentration, whereas the ROS 
production in the intermembrane space is a regu-
lated event controlled by an O 2  sensing system 
located in the inner membrane. Importantly, anti-
oxidant scavenging of ROS during hypoxia abro-
gates the increase in cytosolic ionized calcium, 
indicating that increases in ROS are required for 
the signal transduction system and the functional 
response to hypoxia in these cells [ 107 – 109 ]. 
A summary description of the mitochondrial O 2  
sensing system, ROS signaling, and the systemic 
(vasodilatory) and pulmonary vascular (vasocon-
striction) responses to hypoxia is shown in Fig.  1.5 .

        Independent Confirmation 
of the Mitochondrial O 2  Sensing 
Hypothesis 

 Biological screening is a method frequently use-
ful for identifying naturally occurring small 
molecules with interesting biological effects. 
A recent screen of a library of crude microbial 
extracts revealed that an extract of a fungal strain, 
 Embellisia chlamydospora , blocked the ability of 
endothelial cells to respond to hypoxia, without 
causing cytotoxicity [ 110 ]. It also blocked angio-
genesis in the chick chorionic membrane. Further 
studies to identify the responsible molecule 
yielded terpestacin, a small molecule with a 
bicyclo sesterterpene structure. When the puri-
fi ed molecule was administered to mice, it effec-
tively blocked the angiogenic response in tumor 
xenografts. Further studies using a phage display 
amplifi cation to identify the protein target inter-
acting with this molecule identifi ed UQCRB, a 
subunit of mitochondrial complex III, as the 
target. As this complex had previously been 
implicated as a potential oxygen sensor, further 

  Fig. 1.5    Proposed relationship between the mitochondrial O 2  sensor and the vascular responses to hypoxia in pulmonary 
and systemic arterial smooth muscle cells. From [ 104 ], with permission       
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studies were carried out to determine whether 
terpestacin might affect the generation of ROS by 
the complex. Using dichlorofl uorescein to assess 
oxidant production, it was found that terpestacin 
blocked the increase in ROS production during 
hypoxia. Moreover, the drug abolished the stabi-
lization of HIF-1α during hypoxia, but not in 
response to direct inhibition of prolyl hydroxy-
lase. These interesting fi ndings, which involved 
an unbiased search for small molecules that block 
the hypoxic response, provide further support for 
the role of complex III in the oxygen sensing 
pathway and for hypoxia-induced ROS produc-
tion in triggering hypoxic responses by the cell. 

 Initial evidence linking mitochondrial func-
tion to the O 2 -dependent regulation of HIF-1α 
came from studies using mitochondria-defi cient 
cell lines. These ρ 0  cells lack mitochondrial 
DNA, which encodes a set of protein components 
of complexes I, III, IV, and V. In the absence of 
these proteins, the electron transport chain is 
disabled and all cellular ATP must derive from 
glycolysis [ 111 ]. These ρ 0  cells fail to stabilize 
HIF-1α during hypoxia [ 87 ], but they can still 
respond to anoxic conditions [ 112 ] and to exog-
enous H 2 O 2  administration [ 102 ]. Pharmaco-
logical mitochondrial inhibitors, such as 
myxothiazol or stigmatellin, prevent ubiquinol 
binding at the Qo site and thereby prevent the 
formation of superoxide at complex III. They 
also prevent the hypoxic stabilization of HIF-1α, 
essentially by preventing the generation of an 
ROS signal [ 113 ]. Unfortunately, the inhibition 
of electron transport also blocks oxidative phos-
phorylation, and many cells cannot survive the 
resulting bioenergetic crisis. Interestingly, terpesta-
cin interaction with complex III interferes with 
the hypoxia-induced ROS production, yet it does 
not interfere with the main electron transport 
function in the complex. This ability to inhibit the 
O 2  sensing function of complex III without 
disrupting electron fl ux and ATP production 
underlies its ability to inhibit hypoxic HIF-1α 
stabilization without blocking cellular respiration. 

 In the regulation of HIF, ROS signals may act 
to inhibit PHD and FIH directly [ 58 ], or by trigger-
ing a set of posttranslational modifi cations that 
inhibit their functions allosterically. An important 

unanswered question relates to how the ROS 
signals trigger HIF stabilization in the cell.  

    Mitochondrial ROS Regulate AMPK 
Responses to Hypoxia 

 Oxidant signals arising from mitochondria in 
hypoxic cells also regulate some of the post-
translational responses of the cell, including the 
activation of AMPK. In a study of lung epithe-
lial cells, Gusarova et al. found that catalase 
overexpression, or depletion of mitochondrial 
DNA (ρ 0  cells), blocked the ability of alveolar 
epithelial cells to internalize the apical mem-
brane ATPase in response to hypoxia [ 114 ]. In 
another study, Emerling et al. found that 
hypoxia-induced AMPK phosphorylation was 
blocked in ρ 0  cells, that hypoxia augmented 
oxidant stress, that antioxidant compounds pre-
vented AMPK activation in hypoxia, and that 
exogenous H 2 O 2  administration was suffi cient 
to activate the kinase [ 115 ]. To further investi-
gate the role of mitochondrial ROS in the activa-
tion of AMPK during hypoxia, they employed 
ρ 0  cells in which mitochondria were repopulated 
(cybrid cells). One group was repopulated with 
normal mitochondria, whereas a second group 
was repopulated with mitochondria carrying a 
genetic deletion in the b cytochrome gene. This 
“rescue” was not suffi cient to restore ATP pro-
duction or oxygen consumption, but it did 
restore the ability to generate ROS at the Qo site 
of complex III. Interestingly, these cells recov-
ered the ability to activate AMPK in hypoxia. 
While AMPK activation is normally attributed 
to increases in [AMP] during a bioenergetic 
crisis, the recovery of ROS production without 
the recovery of ATP generation in the cybrid 
cells indicates that ATP depletion was not 
responsible for the activation of AMPK. 
Collectively, these fi ndings are consistent with 
the existence of a mitochondrial oxygen sensing 
mechanism at complex III that signals cellular 
hypoxia by releasing ROS signals to the cytosol. 
That system then participates in the activation of 
AMP kinase during hypoxia through an ROS- 
dependent and AMP-independent manner. 
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 More recent studies reveal that ROS signals 
during hypoxia can activate AMPK in diverse 
cell types by triggering the entry of extracellular 
calcium. During hypoxia, ROS signals initiate 
release of intracellular calcium from the endo-
plasmic reticulum (ER). The resulting decrease 
in ER calcium leads to the oligomerization of 
stromal interaction molecule 1 (STIM1), the ER 
calcium sensor, which organizes the calcium 
release-activated calcium (CRAC) channels at 
sites where ER and plasma membranes associate. 
Knockdown of CaMKKβ abolishes the AMPK 
response, indicating that hypoxia can trigger 
AMPK activation in the apparent absence of 
increased [AMP] through ROS-dependent CRAC 
channel activation, leading to increases in cyto-
solic calcium that activate the AMPK upstream 
kinase CaMKKβ [ 116 ]. 

 In summary, multiple lines of evidence pro-
vide support for the idea that molecular O 2  inter-
acts with mitochondrial complex III in a manner 
that causes an increased release of ROS to the 
intermembrane space. This O 2  sensing function 
represents a “second function” of the complex, 
which also functions as a central component of 
the electron transport/proton translocation system 
that drives oxidative phosphorylation. To be sure, 
acceptance of this model has been hindered by 
the paradoxical fi nding that ROS production, at 
least in some subcellular compartments, occurs 
despite the decrease in oxygen availability. 
Additional important details remain to be 
addressed with respect to this system. One issue 
pertains to the structural changes that might 
occur at complex III in response to changes in O 2  
abundance. In that regard, several hypotheses 
have been suggested to explain the increase in 
ROS generation [ 117 ]. The “ubisemiquinone 
hypothesis” proposes that structural changes at 
complex III lead to an increase in the lifetime of 
the semiquinone radical at the Qo site, thereby 
increasing the probability of ROS generation. 
The “vectoral hypothesis” proposes that hypoxia- 
induced structural changes lead to a vectoral shift 
in the release of superoxide from the inner 
membrane toward the intermembrane space and 
away from the matrix compartment. That mecha-
nism could explain how increases in intermembrane 

space ROS signals occur even if overall ROS 
generation decreases. The “oxygen access” 
hypothesis proposes that hypoxia-induced struc-
tural changes lead to an increased access of O 2  to 
the Qo pocket, allowing superoxide generation 
to increase despite a lower abundance of molec-
ular oxygen in the membrane. A defi nitive test of 
this hypothesis will require studies involving 
genetic deletion of complex III function in vivo, 
where the oxygen sensing functions of intact tissues 
can be evaluated.      
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 2      Cellular and Molecular Defenses 
Against Hypoxia 
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    Abstract  

  The ability to cope with hypoxia is essential for the development and survival 
of all vertebrate species. Cellular hypoxia occurs when oxygen demand 
exceeds oxygen supply. The development of cellular hypoxia depends both 
on the type of tissue and partial pressure oxygen (PO 2 ) in the tissue, because 
cells can vary extremely in their physiologic oxygen demand. Under normal 
conditions up to 90 % of the available oxygen is consumed by mitochondria 
to yield ATP through oxidative phosphorylation. Thus, oxygen deprivation 
will always lead to fundamental changes in cell metabolism and function. 
Different physiological systems have evolved for adaptation to conditions of 
low oxygen. Acute adaptation includes increased ventilation, changes in 
metabolism, protection against hypoxia- induced cell death and vasodilation. 
Adaptations to chronic hypoxia are characterized by the aim to restore oxy-
gen delivery to the tissue. This is achieved by improving the oxygen transport 
capacity by increasing haemoglobin and red blood cell mass. Furthermore, 
long-term adaptation includes the remodelling of existing vessels as well as 
the formation of new vessels to increase blood and concurrently oxygen sup-
ply. Most of the hypoxic adaptations implicate gene expression driven by 
transcription factors especially activated under hypoxic conditions, such as 
 H ypoxia- i nducible  f actor 1 (HIF-1). HIF-1 is the best characterized regula-
tors of cellular responses to hypoxia and products of its target genes are 
involved in all phases of hypoxic adaptation. In addition, for certain tissues a 
variety of HIF-1 independent molecular changes contributing to the cellular 
hypoxic response have been described including activation of NF-κB, CREB, 
and Notch. Particular attention is devoted to a potential cross talk between the 
oxygen-dependent HIF-1 regulators prolyl-hydroxylase (PHDs) and these 
HIF-1 independent hypoxia regulated factors which are known to be critical 
for survival under general stress conditions.  
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  Abbreviations 

   AMPK    AMP-activated protein kinase   
  ARNT    Arylhydrocarbon nuclear recep-

tor translocator   
  bHLH domain    Basic-helix-loop-helix domain   
  BNIP3    BCL2/adenovirus E1B 19 kDa 

protein-interacting protein 3   
  CREB    Cyclic AMP response element 

binding protein   
  eEF    Eukaryotic elongation factor   
  eIF    Eukaryotic initiation factor   
  Epo    Erythropoietin   
  FIH-1    Factor inhibiting HIF   
  GLUT    Glucose transporter   
  HIF    Hypoxia-inducible factor   
  HNF-4    Hepatic nuclear factor   
  HRE    Hypoxia response element   
  ICD    Intracellular domain   
  IKKβ    I-kappa B kinase β   
  IL-3    Interleukin 3   
  IRE    Iron response element   
  IκB    Inhibitor of NF-κB   
  LDHA    Lactate dehydrogenase A   
  MAPK    Mitogen-activated protein kinase   
  mTOR    Mammalian target of Rapamycin   
  NF-κB    Nuclear factor kappa B   
  NLS    Nuclear localization sequence   
  NO    Nitric oxide   
  PAS    Per-ARNT-SIM    domain   
  PDK1    Pyruvate dehydrogenase kinase-1   
  PER    “Period”—drosophila protein   
  PHD    Prolyl-hydroxylase   
  PI3    Phosphoinositid-3-kinase   
  PKA    Protein kinase A   
  PML    Tumor suppressor promyelo-

cytic leukemia protein   
  RNS    Reactive nitrogen species   
  ROS    Reactive oxygen species   
  SIM    “Similar”—drosophila protein   
  UPR    Unfolded protein response   
  VEGF    Vascular endothelial growth 

factor   

          Effects of Hypoxia on Transcription 

 Hypoxia exerts dramatic effects on the cellular 
transcriptome [ 1 ]. In general, transcription is 
down-regulated under hypoxic conditions to con-
serve energy. Despite this general response, 
genes encoding proteins indispensable to over-
come the hypoxic situation are specifi cally up- 
regulated. Activation of HIF-1 is a common and 
direct hypoxic event while activation of other 
oxygen-regulated transcription factors is more 
tissue specifi c, and depends on the duration and 
degree of hypoxia. Especially in tissues with nor-
mally high PO 2  like the lung, the PO 2  might not 
fall below the threshold necessary for HIF activa-
tion even under severely hypoxic conditions. 
Hypoxia responsive transcription factors other 
than HIF-1 are believed to regulate hypoxic gene 
expression in those tissues [ 2 ,  3 ]. In this context 
it is important to note that many of the genes 
involved in hypoxic adaptation are controlled by 
different hypoxia responsive transcription fac-
tors. In the following section activation and 
 regulation of those transcription factors which 
are known to be directly involved in acute and 
chronic hypoxic adaptations are described in 
more detail. A comprehensive overview of 
hypoxia responsive transcription factors in gen-
eral was provided by Cummins and Taylor [ 4 ]. In 
addition, the very recent review by Semenza 
especially focussed on the role of HIFs in physi-
ology and pathophysiology [ 5 ]. 

    Hypoxia-Inducible Transcription 
Factors: HIFs 

  H ypoxia- i nducible transcription  f actors HIFs [ 6 –
 8 ] are the best characterized transcription factors 
activated under hypoxic conditions; they are cru-
cial to directly linking reduced oxygen supply 
with changes in gene expression. HIF consists as 
heterodimer of an α- and a β-subunit highly 
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 conserved across the animal kingdom. Both 
 subunits belong to the family of basic-helix-loop-
helix (bHLH)/PAS transcription factors. The fi rst 
proteins of this transcription factor family were 
 P ER,  A RNT, and  S IM, and the activity of HIF 
transcription factors is mainly regulated by the 
abundance of their α-subunit [ 7 ]. Three different 
α-subunits have been described by now: HIF-1α, 
HIF-2α, and HIF-3α. While HIF-1α seems to be 
ubiquitously expressed, HIF-2α displays a more 
tissue and cell-specifi c expression pattern [ 9 ,  10 ]. 
Despite similar activity in vitro, HIF-1α and 
HIF-2α have some important non-redundant, 
non-overlapping functions in the regulation of 
gene expression in vivo [ 11 ]. While HIF-1α is 
crucial for most short-term adaptations to reduced 
oxygen supply like the metabolic switch from 
oxidative phosphorylation as the main energy 
source to glycolysis, HIF-2α seems to be involved 
in mid—to long-term adaptations to hypoxia like 
increased erythropoiesis and angiogenesis [ 12 ]. 
The regulation, function, and tissue distribution 
of HIF-3α is incompletely understood, but dis-
tinct splice variants of HIF-3α were identifi ed to 
potentially act as an endogenous HIF-1α antago-
nist [ 13 ,  14 ]. HIF-1α and HIF-2α subunits are 
regulated in a very similar way [ 15 ]: both genes 
are constitutively expressed and translated into 
the respective proteins, but the proteins are tar-
geted for immediate degradation under normoxic 
PO 2  [ 16 ]. The degradation is initiated by hydroxy-
lation of specifi c proline residues within the oxy-
gen-dependent degradation domain of HIFα 
carried out by HIF-specifi c prolyl hydroxylases 
(PHDs). PHDs belong to a family of 2-oxo- 
glutarate- dependent dioxygenases. Three differ-
ent PHD isoforms have been described to date 
with PHD2 being primarily important for HIF-1α 
hydroxylation under normoxia. The enzymatic 
activity of PHDs depends on molecular oxygen 
which qualifi es these enzymes for cellular  oxygen 
sensors [ 16 ,  17 ]. Furthermore, 2-oxo- glutarate, 
vitamin C, and ferrous iron (Fe 2+ ) were identifi ed 
as indispensable cofactors. Hydroxylated HIF-α 
is recognized by the von Hippel–Lindau tumor 
suppressor protein (VHL). VHL then recruits 
components of the E3-ubiquitin ligase complex 
to polyubiquitinate HIFα which serves as a rec-

ognition signal for proteasomal degradation of 
HIFαs [ 18 ]. In addition, hydroxylation of an 
asparagine residue in the transactivation domain 
of HIFα by a hydroxylase called FIH ( F actor 
 I nhibiting  H IF) inhibits the recruitment of tran-
scriptional coactivators [ 19 ,  20 ]. 

 In hypoxia, as a consequence of oxygen defi -
ciency, proline and asparagine hydroxylation are 
inhibited, HIFα-subunits become stabilized, trans-
locate into the nucleus where they dimerize with 
the common β-subunit to form the HIF-1 complex. 
HIF-1β is ubiquitously expressed and unaffected 
by changes in cellular oxygen concentration. 

 The HIF-1 heterodimers specifi cally bind to 
motifs termed hypoxia response elements 
(HREs) located within enhancer or promoter 
regions of target genes to either induce or sup-
press gene expression. Originally identifi ed as 
the transcription factor responsible factor for the 
hypoxia- induced transcription of the red cell 
producing hormone erythropoietin [ 6 ], HIF-1 
has been demonstrated to potentially control up 
to several hundreds (i.e., ~2–5 % of genome) of 
hypoxia responsive genes in humans [ 1 ]. HIF-1 
target genes typically fall into three main 
 categories according to the functions of their 
 target proteins [ 21 ]. All gene products should 
serve to restore energy and O 2  homeostasis by 
either cellular or systemic means:
    (a)    By increasing anaerobic energy production 

via stimulated glycolytic substrate fl ux   
   (b)    By protecting against hypoxia-induced cell 

death   
   (c)    By improving tissue oxygenation via stimu-

lation of vasodilation, angiogenesis, and 
erythropoiesis    

  Screening the human genome for potential 
HIF-binding sites (HIF-1 and HIF-2) by Schödel 
and coworkers revealed [ 22 ] at least up to 500 
typical HIF-binding motifs indicating the impor-
tance of HIFs for the above mentioned cellular 
and systemic responses to hypoxia. Interestingly, 
some genes like hepcidin [ 23 ] are down- regulated 
under hypoxia, nevertheless a direct HIF-1/2- 
dependent repression of genes has not been docu-
mented until now. 

 An overview of different HIF targets is shown 
in Fig.  2.1 .
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       Nuclear Factor Kappa B: NF-κB 

 During the last decade, a variety of transcription 
factors described to be involved in cellular stress 
response, proliferation, or protection from cell 
death have been shown to be regulated by changes 
in cellular oxygen partial pressure as well [ 24 ,  25 ]. 
Nuclear factor kappa B (NF-κB) was originally 
described as a transcription factor necessary for 
the expression of the kappa-light chain of immune 
globulins in B-lymphocytes [ 26 ]. Today, NF-κB 
is recognized as the master transcriptional media-
tor of the infl ammatory response. NF-κB is indis-
pensable for the expression of a wide variety of 
infl ammatory cytokines, is important for cell sur-
vival and development [ 27 ] and moreover was 
identifi ed as an upstream regulator of HIF-1α 
gene expression [ 28 – 30 ]. The NF-κB transcrip-
tion factor superfamily comprises proteins with a 
highly conserved Rel homology domain [ 31 ]. 
Five members of the family are identifi ed to date: 
p65, cRel, and RelB are the transcriptionally 
active members, whereas p50 and p52 derived 
from the precursor proteins p105 and p100 
respectively. The most common transcriptionally 
active dimer is the complex consisting of p65 and 
p50. In the absence of a stimulus NF-κB is bound 

to the repressor molecule IκB in the cytosol. This 
binding covers the nuclear localization sequence 
(NLS) resulting in a sequestration of NF-κB in 
the cytosol. Upon stimulation e.g., by infl amma-
tory cytokines, reactive oxygen species (ROS), or 
bacterial lipopolysaccharides, IκB is phosphory-
lated at serine residues by specifi c upstream 
kinases, which targets IκB for ubiquitination and 
proteasomal degradation. Degradation of IκB 
unmasks the NLS of NF-κB enabling transloca-
tion of the transcription factor into the nucleus 
[ 31 ]. Very recently it was shown that IκBα 
directly interacts with FIH resulting in sequester-
ing of FIH in the cytosol and enhanced HIF-1α 
activity [ 32 ]. 

 Although hypoxic activation of NF-κB was 
described in different cell types [ 25 ,  33 ], the 
underlying molecular mechanisms are not com-
pletely understood. Recently, an interesting link 
between the regulation of HIF and NF-κB has 
been reported: The IκB kinase IKKβ, an upstream 
regulator in the activation cascade of NF-κB was 
identifi ed to be hydroxylated by PHD1 and PHD2 
in normoxia. This results in suppression of IKKβ 
activity. In contrast, during hypoxia the reduced 
hydroxylation of IKKβ increases its activity 
which leads to enhanced NF-κB activation [ 34 ]. 

  Fig. 2.1    Overview of HIF target genes involved in acute and chronic adaptations to hypoxia       
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In addition, it was proposed that ROS increas-
ingly leaking out of the mitochondria during 
hypoxia [ 35 ] could to activate NF-κB under this 
condition [ 36 ]. Especially under conditions of 
severe hypoxia (O 2  < 0.1 %) or ischemia NF-κB 
activation rather than HIF activation was demon-
strated to be responsible for the adhesion and 
infi ltration of monocytic cells [ 37 ]. A number of 
the HIF target genes listed in Fig.  2.1  contain 
NF-κB binding sites as well. Hypoxic activation 
of NF-κB represents therefore an additional path-
way to enhance HIF-induced gene expression. 
But most importantly upregulation of genes lack-
ing a hypoxia responsive element might be 
enabled under hypoxic conditions through NF-κB 
activation. Therefore, the NF-κB transcription 
factor family plays an important role in integrat-
ing hypoxic and infl ammatory stimuli to over-
come hypoxic stress.  

    Cyclic AMP Response Element 
Binding Protein 

 The cyclic AMP response element binding pro-
tein cyclic AMP response element binding 
(CREB) belongs to a family of leucine zipper 
transcription factors that are regulated by changes 
in intracellular cAMP or Ca 2+  levels [ 38 ]. CREB 
target genes share some functions with typical 
HIF-1 target genes since they are involved in cell 
metabolism, apoptosis, and infl ammation. In 
contrast to the immediate effects of HIF activa-
tion hypoxic CREB activation seems to have be 
protective effects only when induced by hypoxic/
ischemic preconditioning. Hypoxic activation of 
CREB is achieved by phosphorylation of Ser133 
by protein kinase A (PKA) [ 39 ]. In general CREB 
acts as an activator of transcription. In contrast to 
HIF-1 activation the hypoxic activation of CREB 
seems to be restricted to the following tissues. 
Especially in neuronal tissue CREB was shown 
to activate the anti-apoptotic Bcl-2 resulting in 
neuroprotection under hypoxic conditions [ 40 ]. 
In the hypoxic lung CREB activation was 
detected under conditions of moderate hypoxia 
and contributed in part by upregulation of endo-
thelin- 1 and vascular endothelial growth factor 

(VEGF) to the increase in pulmonary vascular 
resistance and remodelling [ 2 ]. Hypoxia-induced 
phosphorylation of CREB targets CREB for pro-
teasomal degradation resulting in de-repression 
and activation of the respective target genes, e.g., 
VEGF, endothelin 1, tissue plasminogen activa-
tor, or VEGF receptor 1 [ 41 ,  42 ].   

    Effects of Hypoxia on Translation 

 In response to hypoxic conditions, cells reduce 
their overall rate of messenger RNA (mRNA) 
translation [ 43 ]. However, translation of some 
individual mRNAs is stimulated under hypoxia. 
The ability of cells to regulate translation during 
hypoxia is important for their survival. First, 
reduction of translation can save up to 70 % of 
cellular ATP consumption depending on the cell 
type [ 44 ]. Second, reducing translation will 
result in the preferential loss of proteins with a 
short half-life. This is of importance e.g., for the 
 balance between short-lived anti-apoptotic and 
long-lived pro-apoptotic proteins [ 45 ]. Hypoxia 
causes the loss of polyribosome complexes [ 46 ]. 
Under normoxic conditions, translation is initi-
ated by the assembling of the eukaryotic initia-
tion factor 4F (eIF4F) to the cap structure of 
mRNAs [ 47 ], which consists of three subunits: 
the cap-binding protein eIF4E, the scaffolding 
protein eIF4G, and the helicase eIF4α. Binding 
of eIF4F facilitates the recruitment of the 40s 
ribosomal subunit, the initiation factor eIF3, and 
the ternary complex eIF2-GTP-tRNA. The 
assembly of the latter depends on the exchange 
of GDP or GTP catalyzed by eIF2B. Under 
hypoxic conditions the α-subunit of eIF2B 
becomes phosphorylated resulting in the inhibi-
tion of its catalytic activity [ 48 ]. Other important 
intracellular signalling pathways integrating 
metabolic changes, hypoxia and cellular stress 
signals are the mTOR (mammalian target of 
rapamycin kinase) and the unfolded protein 
response (UPR). mTOR activation in general is 
inhibited under hypoxic condition, but a number 
of recent publication suggest a potential interac-
tion between HIF-1α and mTOR [ 49 ]. The exact 
cellular mechanisms underlying this paradox of 
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an increased mTOR-dependent translation of 
HIF-1α under hypoxic conditions still await 
 elucidation. As recently reviewed, the impact of 
mTOR on translation of proteins under hypoxic 
conditions critically depends on the degree and 
duration of hypoxia [ 50 ]. Some hypoxia-induced 
proteins like HIF-1α or VEGF evade the require-
ment for eIF4F formation at the 5′cap structure 
via an internal ribosomal entry site [ 51 ] enabling 
an effi cient translation of these proteins under 
hypoxic conditions. A simplifi ed cartoon of 
hypoxia on the mTOR-dependent translation is 
given in Fig.  2.2 .

       Acute Cellular Responses 
to Hypoxia 

    Metabolic Changes 

 Most critical for the acute response to hypoxia is 
the adaption of cellular generation and consump-
tion of energy-rich phosphates to avoid cell 
death, minimize cellular injury, and maintain 
important functions. The most effi cient meta-
bolic pathway for the generation of energy-

equivalents in form of ATP is through oxidative 
phosphorylation of glucose (38 mol ATP/mol 
glucose). This process depends upon the avail-
ability of glucose and molecular oxygen. Under 
hypoxic conditions, however, cells are forced to 
shift their generation of ATP from oxidative 
phosphorylation to glycolysis (2 mol ATP/mol 
glucose). Two main cellular pathways are 
involved in the cells’ response to acute hypoxic 
stress: The AMPK (AMP- activated protein 
kinase) pathway and the HIF-pathway. 

 The AMPK system appears to play a key role 
in maintaining the energy balance at the whole 
body level [ 52 ]. When ATP levels decline as con-
sequence of cellular hypoxia or increase in cel-
lular ATP consumption, AMP levels rise and 
AMPK is activated which promotes catabolic and 
inhibits anabolic processes. Alterations in the 
cellular AMP: ATP ratio is sensed directly by the 
AMPK, which therefore acts as a cellular energy 
sensor [ 52 ]. As consequence in many different 
cells glucose uptake is enhanced via increased 
expression and translocation of glucose trans-
porter (GLUT) 4, or via increase in GLUT1 
activity [ 53 ,  54 ]. Glycolysis and fatty acid oxida-
tion are up-regulated whereas protein and glycogen 

  Fig. 2.2    Inhibition of the mammalian target of rapamycin 
signalling (mTOR) by hypoxia. Under normoxic condi-
tions mTOR activation induces translation by three differ-
ent mechanisms: activation of elongation via the eukaryotic 
elongation factor (2EEF2), by activation of the ribosomal 
protein S6 kinase (p70S6K) or by phosphorylation of the 
eukaryotic translation initiation factor 4E (eIF4E)-binding 

protein 1(4E-BP1) which results in cap-dependent translation 
of mRNA. Hypoxia inhibits mTOR indirectly by activa-
tion of BNIP3 or the tumor suppressor protein PML. A 
second mode of hypoxic inactivation of translation is the 
sequestering of eIF4E and its nuclear import factor 4E-T to 
the nucleus or cytoplasmic processing proteins (adapted 
from [ 50 ])       
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synthesis are down-regulated [ 55 ,  56 ]. Moreover, 
AMPK exerts direct effects on the activity of dif-
ferent transcription factors like p300 and HNF-4 
[ 57 ,  58 ] whereby the actual energy status of the 
cell is directly coupled to gene expression. Under 
conditions of acute hypoxia accumulation and 
activation of HIF-1 is primarily caused by the 
lack of molecular oxygen, resulting in inhibition 
of the activity of PHDs, in particular PHD2. In 
addition several intracellular signalling mole-
cules merge in modulating or inhibiting PHD 
activity. The shift from aerobic to anaerobic 
metabolism fi rst requires the upregulation of gly-
colysis. While in normoxia the primary function 
of glycolysis is to feed the Krebs cycle with pyru-
vate, glycolysis down to lactate to generate ATP 
becomes the main source of energy under hypoxic 
conditions. A number of important glycolytic 
enzymes are well characterized HIF-1 targets and 
are induced within minutes after the onset of 
hypoxia [ 59 ]. Moreover, the entry of pyruvate to 
the Krebs cycle is inhibited by HIF-dependent 
upregulation of PDK-1 (pyruvate dehydrogenase 
kinase-1) [ 60 ]. The HIF-1-dependent upregula-
tion of lactate dehydrogenase A (LDHA) leads to 
an increased conversion of pyruvate to lactate. 
Both mechanisms contribute to reduced activity 
of the Krebs cycle under hypoxic conditions 
which also causes a decrease of succinate and 
fumarate levels. However, PHDs are sensitive to 
changes in 2-oxo-glutarate, succinate, or fuma-
rate [ 61 ]. Defi ciency in these co-substrates of 
PHDs mimics a hypoxic cell response [ 62 – 64 ].  

    Impact of Reactive Oxygen Species 

 The question whether the ROS are increased or 
decreased under conditions of hypoxia and what 
the role of ROS in HIF-1 signalling might be, 
provoked a lot of controversy during the last 
decades [ 35 ,  65 ,  66 ]. This question is discussed 
in detail in Chap.   1    . On the one hand lack of 
molecular oxygen as fi nal electron acceptor in 
the mitochondria might promote the formation of 
ROS, leaking out of mitochondria and induce 
HIF-1 accumulation. ROS and also reactive 
nitrogen species (RNS) were found to inhibit 

PHD activity resulting in an accumulation of 
HIF-1α [ 67 – 69 ]. Oxidation of Fe 2+  to Fe 3+  as part 
of a Fenton reaction has been proposed to be the 
underlying cellular mechanisms for this inhibi-
tion because PHD activity requires ferrous iron 
(Fe 2+ ) [ 70 ]. On the other hand due to the extreme 
high oxygen affi nity of mitochondrial cyto-
chrome C oxidase mitochondria act as cellular 
oxygen traps. Reactive oxygen and nitrogen spe-
cies have be described to inhibit cytochrome C 
oxidase which was suggested to result in a shift 
of oxygen away from mitochondria to other cell 
compartments to increase PHD activity [ 71 ,  72 ].  

    Effects of Hypoxia on Cell Motility, 
Invasiveness, and Differentiation 

 The asparagines hydroxylase FIH-1 was origi-
nally described to modify HIF-1α transactivation 
[ 19 ,  73 ]. Hydroxylation of the asparagine residue 
803 in the transactivation domain of HIF-1α pre-
vents binding of the transcriptional coactivator 
CBP/p300 leading to inactivation of HIF-1 [ 74 ]. 
Recently it was shown, that FIH-1 can also 
hydroxylate asparagine residues in many other 
proteins containing ankyrin repeats [ 75 ]. One of 
this ankyrin repeat proteins interacting with 
FIH-1 is the Notch receptor intracellular domain 
(Notch-ICD) [ 76 ,  77 ]. Notch signalling plays an 
important role in cell differentiation, motility, 
and invasiveness [ 76 ,  78 ]. Hydroxylation of the 
Notch ICD by FIH-1 reduces Notch activity but 
concurrently derepresses HIF-1α transactivation. 
Dependent on the degree of hypoxia Notch ICD 
can function as a sequestering molecule for 
FIH-1 preventing HIF-1α hydroxylation. A simi-
lar role was recently assigned to IκBα [ 32 ].   

    Chronic Responses to Hypoxia 

 Adaptations to chronic hypoxia are character-
ized by the aim to restore oxygen delivery to the 
tissue. This is achieved by increasing the oxygen 
transport capacity by elevating the levels of hae-
moglobin and red blood cell mass. Furthermore, 
long-term adaptation includes the remodelling 
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of existing vessels as well as the formation of 
new vessels to increase blood and concurrently 
oxygen supply. 

    Role of Erythropoietin 

 Hypoxic induction of erythropoietin (Epo) 
became the paradigm for oxygen-dependent gene 
expression. Originally, Epo was identifi ed as the 
key hormone regulating the differentiation and 
proliferation of erythroid progenitors in the bone 
marrow [ 79 ]. Epo active in erythropoiesis is 
mainly produced in interstitial peritubular fi bro-
blasts in the adult kidney and in fetal hepatocytes. 
Severe tissue hypoxia is able to induce an up to 
1,000-fold upregulation of Epo expression in the 
kidney [ 80 ], predominantly by recruiting Epo 
producing cells [ 81 ]. Interestingly, Epo produc-
tion is switched from the liver before birth to the 
kidneys after birth [ 82 ]. So far, the factors that 
control this developmental switch of Epo produc-
tion have not been identifi ed. 

 During the past years Epo production was 
found in various other tissues like brain, heart, 
and the reproductive tract. Epo synthesized in 
these organs does not have erythropoietic func-
tions, but probably acts in a paracrine manner as 
a cell and tissue protective factor [ 83 ]. In partic-
ular, Epo may protect neuronal cells from 
hypoxic and ischemic injury [ 84 ] and induces 
neuronal growth and differentiation. In contrast 
to signalling through an Epo receptor homodi-
mer to stimulate erythropoiesis, Epo might exert 
its protective effects by activation of a heterodi-
meric receptor consisting of the classical Epo 
receptor and the common β chain of the IL-3 
receptor [ 85 ]. Likewise, Epo was shown to pre-
vent cardiomyocytes from apoptosis and ische-
mia/reperfusion injury [ 86 ]. Several mechanisms 
were discussed to be involved in Epo-dependent 
cardiac protection. Epo is known to activate PI3/
Akt kinases as well as MAPK-dependent signal-
ling pathways. Burger and coworkers demon-
strated that Epo-dependent activation of these 
pathways resulted in the upregulation of endo-
thelial NO-synthase with NO as the key anti-
apoptotic factor [ 87 ]. 

 Recently, Epo was reported to increase 
hypoxia-induced stimulation of ventilation in 
mice and men [ 88 ,  89 ]. In these studies the role of 
Epo in connecting the acute ventilatory and the 
chronic erythropoietic response became evident.  

    Tissue Protection by Hypoxic 
Preconditioning 

 Hypoxic preconditioning is achieved by a sponta-
neous or experimentally induced episode of short 
hypoxia that protects the tissue from a subse-
quent, more severe hypoxic or ischemic insult. In 
1986, Murry et al. [ 90 ] fi rst described the princi-
ple of ischemic preconditioning. Several cycles 
of ischemia followed by short episodes of reper-
fusion signifi cantly reduced the infarct size after 
a subsequent myocardial ischemia. Very recent 
studies with patients suffering from cardiac 
angina corroborate these experimental data, that 
injury-induced ischemic events protect these 
patients from severe myocardial infarction [ 91 ]. 
Ischemic preconditioning is not confi ned to the 
heart. In contrast, it appears that it is a powerful 
protective mechanism against ischemic injury 
that has been described for a variety of organs, 
including the brain, spinal cord, retina, liver, 
lung, and skeletal muscle [ 92 ]. Ischemic precon-
ditioning has both immediate and delayed protec-
tive effects, the importance of which varies 
between species and organ systems. The exact 
molecular mechanisms of both protective com-
ponents yet have to be exactly defi ned, but the 
involvement of hypoxia-induced transcription 
factors as well as changes in energy consumption 
have been discussed [ 92 ].  

    Regulation of Iron Metabolism 
as Protective Mechanism 

 Iron is necessary for a multitude of biological 
processes like catalyzing essential enzymatic 
reactions and is essential as a cofactor for oxygen- 
binding proteins in all living organisms. Iron is 
required for heme formation and—if not avail-
able in suffi cient amounts—is the most common 
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limiting factor for erythropoiesis. Iron metabo-
lism, oxygen homeostasis, and erythropoiesis are 
consequently strongly linked. Both, iron excess 
and iron shortage have important consequences, 
therefore the use and storage of iron must be 
tightly regulated. The HIF-1 system has been 
identifi ed to be infl uenced by the systemic iron 
status in a dual manner. First, iron defi ciency 
directly reduces the activity of the iron- dependent 
PHDs resulting in increased HIF-α accumulation 
[ 17 ,  93 ]. Second, anemia caused by iron defi -
ciency leads to tissue hypoxia which again 
increases HIF-α and HIF-1-dependent gene 
expression. Transferrin, the transferrin receptor, 
ceruloplasmin and heme oxygenase-1, which are 
responsible for iron transport and uptake, oxida-
tion and recycling respectively have been identi-
fi ed as HIF-1 target genes [ 94 – 96 ]. 

 Direct regulation of mRNAs encoding pro-
teins involved in iron metabolism via iron 
response elements (IRE) located in the 3′ or 5′ 
untranslated regions of target mRNAs was 
described [ 97 ]. IREs can be occupied by binding 
of iron regulatory proteins (IRP) which may 
modify the effi ciency of translation or the stabil-
ity of these mRNAs thus matching iron availabil-
ity and iron usage. Interestingly, IRPs are 
regulated by proteasomal degradation requiring 
2-oxo-glutarate, iron and oxygen-dependent 
PHDs [ 98 ]. Hereby, cellular oxygen concentra-
tion can directly infl uence the regulation of iron 
metabolism.  

    Induction of Angiogenesis 
and Vascular Remodelling 

 Chronic adaptation to hypoxia may also improve 
blood and oxygen supply by either increasing the 
growth of new capillaries (angiogenesis) or by 
remodelling existing vessels [ 99 ]. Angiogenesis 
is a complex process, involving multiple proteins 
expressed by different cell types. VEGF is the 
most prominent HIF target gene involved in vas-
cular biology [ 100 ]. In tumors, VEGF mRNA 
expression is signifi cantly enhanced in perine-
crotic regions of very low PO 2 , suggesting a 
mechanism by which a hypoxic microenviron-

ment stimulates angiogenesis [ 101 ]. Both tumor 
cells, but as recently shown tumor infi ltrating 
macrophages, release VEGF to promote a func-
tional vascular architecture [ 102 ]. Apart from 
VEGF numerous other factors are involved in the 
different steps initiating angiogenesis, most of 
which were identifi ed as HIF-1 targets [ 21 ]. 
While de novo vessel formation seems to be criti-
cally dependent on the activity of HIF target 
genes, the role of HIFs in the preservation and 
remodelling of existing vessels is less clear. 
However, the therapeutic increase of HIF-1α 
under ischemic and hypoxic conditions was 
found to increase the number of blood vessels 
and regional oxygen supply [ 103 ].   

    Conclusions 

 All cellular and molecular defenses against 
hypoxia aim to restore energy and O 2  homeosta-
sis by either cellular or systemic means to pro-
tect against hypoxia-induced cell death and 
maintain cellular function. In acute, severe 
hypoxia, when oxygen concentrations at tissue 
levels drop below 0.1 % (~1 mmHg) cells down-
regulate oxygen consuming processes like tran-
scription and translation, excepting those 
proteins which are indispensable for rescue from 
hypoxia. These proteins enable cells to switch to 
anaerobic energy production. This fall in tissue 
oxygenation is unlikely to occur at high altitudes 
but maybe expected in ischemic tissue. When 
hypoxia persists systemic responses are required 
to improve oxygen delivery to the tissue through 
vasodilation, erythropoiesis, and angiogenesis. 
The organ and tissue-specifi c adaptations all 
engage activation of HIFs. It therefore appears 
most appropriate to designate HIFs as the “mas-
ter regulator of oxygen homeostasis” [ 104 ].     
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    Abstract  

  Upon rapid ascent to high altitude or acute exposure to hypoxia ventilation 
rises rapidly (the acute hypoxic ventilatory response, initiated by the 
carotid bodies containing oxygen sensors), followed immediately by a 
secondary roll-off that partly is caused by the hyperventilation-induced 
hypocapnia. When the hypoxia is sustained, ventilation starts to rise grad-
ually within the next few hours, that, depending on the species and alti-
tude (degree of hypoxia), may last from hours to months. This phenomenon 
is known as ventilatory acclimatization to high altitude (VAH). Many 
studies have shown that this ventilatory adaptation is not due to a gradual 
acidosis in blood or extracellular brainstem fl uid bathing the central che-
moreceptors. One of the most remarkable changes is a considerable 
increase in the ventilatory response to hypoxia that is manifest already 
after ~4 h and that may continue to augment during the next days–weeks. 
This adaptive change is thought to underlie VAH and is caused by many 
plastic morphological and biochemical changes in both the carotid bodies 
and the central nervous system. An important orchestrator of these plastic 
changes is the transcription factor, hypoxia inducible factor 1 (HIF-1) 
that induces the transcription of many genes encoding substances indis-
pensable for the adaptation of the organism to sustained hypoxia. This 
chapter describes the most important of these and summarizes the state of 
the art on the mechanisms underlying the plastic changes in carotid bod-
ies and central nervous system.  
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 3      Control of Breathing 
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        Ventilatory Acclimatization to High 
Altitude and the Increase in the 
Hypoxic Ventilatory Response 

 At high altitude the uptake of a given amount of 
oxygen requires a higher level of pulmonary ven-
tilation than at sea level due to the lower partial 
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pressure of oxygen. An increase in ventilation is 
one of the fi rst adaptations to a hypoxic environ-
ment. This hypoxic ventilatory response (HVR) 
initiated by the peripheral chemoreceptors of the 
carotid bodies occurs in several phases, depend-
ing on the pattern, duration, and intensity of the 
hypoxic stimulus. The ventilatory response to 
acute poikilocapnic hypoxia, 30–60 min in dura-
tion, is characterized by a rapid increase in 
 ventilation (decrease in arterial PCO 2 ) that, 
depending on the intensity of the hypoxic stimu-
lus, is followed by a secondary decrease (roll-
off), caused by the fall in PaCO 2  and by a centrally 
mediated depression. Within the fi rst few hours 
of sustained hypoxia ventilation starts to rise 
again and this can continue for hours, days, 
weeks, or even months depending on the species 
and on the altitude [ 1 ,  2 ]. This phenomenon 
 during short-term acclimatization is known as 
ventilatory acclimatization to high altitude 
(VAH). Ventilatory deacclimatization is the grad-
ual return of ventilation to its normoxic level with 
descent to low altitude, i.e., a continuing slow 
decline in hyperventilation upon return to nor-
moxia (reviewed in [ 3 ,  4 ]). Long-term adaptation 
takes years and can be accompanied by a “blunt-
ing” of the HVR (see also [ 3 ,  4 ]). Evolutional 
adaptation to high  altitude is covered by Beall in 
this volume (Chap.   19    ; see also [ 5 ]). The differ-
ent time domains of the ventilatory response to 
hypoxia are schematically shown in Fig.  3.1 .

       Mechanisms Contributing to VAH 

 Smith et al. [ 4 ] have reviewed the processes 
underlying VAH and placed these in the context 
of the mechanical, diffusion, and other limita-
tions imposed on the respiratory system by a 
hypoxic environment (see also [ 6 ,  7 ]). Additional 
studies in both animals and humans over the last 
10–12 years have provided new insights into the 
way the carotid bodies and the central nervous 
system increase the HVR and contribute to the 
ventilatory adaptation in chronic hypoxia, and 
the purpose of this brief review is to summarize 
this new information. How crucial the HVR is for 

work performance at high altitude is  covered in 
Chap.   16     of this volume. The separate important 
subject of the control of breathing during sleep at 
high altitude is taken up in Chap.   17    . 

    Role of Carotid Bodies and Peripheral 
Chemoreceptors 

    Crucial Role of the Carotid Bodies 
in VAH 
 Major cell types in the carotid bodies are type I 
or  glomus cells considered the oxygen sensing 
 elements, and type II cells that have a glia-like 
appearance [ 8 ,  9 ]. Type I cells synapse with 
peripheral nerve endings of sensory neurons in 
the petrosal ganglion. These neurons send axo-
nal projections to the caudal subnuclei of the 
NTS that act as the fi rst relay station of carotid 
body afferent input to the medullary respiratory 
control center (see [ 40 ]). 

 Many studies in both animals and humans 
clearly indicate that VAH is associated with an 
increase in HVR. We consider the goat model 
developed by Bisgard and Forster (references in 
[ 4 ]) as representative for humans because studies 

     Fig. 3.1    Time course of the ventilatory response to 
hypoxia. The acute rise in ventilation (drop in PCO2 ) is 
followed by a secondary roll-off  with a rise in PCO2 
(hypoxic ventilatory depression HVD). During acclimati-
zation there is a gradual drop in PCO2 due to the rise in 
ventilation. Reproduced from reference [ 4 ].       
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in humans performed over the last 13 years by 
Robbins and coworkers have revealed remark-
able similarities in the way goats and humans 
adapt to chronic hypoxia, at least in the initial 
stage. Goats show (a virtually complete) VAH 
(i.e., a stage wherein ventilation and PaCO 2  have 
reached a new steady-state level) and an increase 
in hypoxic sensitivity within 4 h of carotid body 
hypoxia. Similarities between humans and goats 
are: (a) an equally rapid increase in acute HVR 
after both poikilocapnic and isocapnic hypoxia 
[ 10 ]; (b) hypocapnia alone does also not evoke    
VAH in humans [ 11 ]; (c) an increased peripheral 
chemoreceptor sensitivity during prolonged 
hypoxia [ 12 ,  13 ]; (d) sympathetic and dopami-
nergic mechanisms are not involved in the HVR 
increase [ 14 – 16 ]. Further observations by 
Robbins and coworkers were: (a) hypocapnic 
hyperventilation per se cannot account for VAH 
or enhanced HVR [ 17 ]; (b) lower oxygen con-
tent, induced by phlebotomy or breathing low 
concentrations of CO, did not evoke VAH [ 11 ]; 
(c) keeping subjects at an end-tidal PO 2  as little 
as 10 Torr below resting for 5 days increases the 
HVR and peripheral CO 2  sensitivity, and main-
taining end-tidal PO 2  10 Torr  above  resting has 
the reverse effects [ 18 ]; (d) resting ventilation in 
normoxia and hyperoxia consistently increase in 
the course of chronic poikilocapnic and isocapnic 
hypoxia; this is accompanied by an enhanced 
peripheral (hyperoxic) CO 2  sensitivity without 
changes in intercept of the (hyperoxic) CO 2  
response curve, indicating an augmented carotid 
body sensitivity as the underlying mechanism for 
the hyperventilation [ 12 ,  13 ,  19 ]. Robbins and 
colleagues used dynamic end-tidal forcing (a 
technique enabling manipulation and control of 
end-tidal PO 2  and PCO 2  independently from 
changes in ventilation) and subjected their data to 
sophisticated model analysis to separate periph-
eral and central CO 2  sensitivity. Other workers 
have used modifi ed rebreathing but with less con-
sistent results, e.g., sometimes failing to fi nd an 
increase of the HVR [ 20 ,  21 ]. Taken together all 
human studies on chronic hypoxia, both in the 
fi eld and under simulated hypobaric circum-
stances (operation Everest II—[ 22 ]), what 
emerges is a clear picture of a gradual rise in ven-

tilation and fall in end-tidal PCO 2 , a rapid increase 
of the acute HVR, a relative short period of 
hyperventilation upon (short) return to normoxia 
and hyperoxia, and fi nally an increased periph-
eral CO 2  sensitivity [ 18 ]. The carotid bodies play 
a pivotal role in all these adaptations. 

 Other species such as (high altitude bred) 
guinea pigs [ 23 ] and mice [ 24 – 26 ] also clearly 
show a gradual rise in ventilation and an aug-
mented HVR. In rats the fi ndings were somewhat 
variable, some studies showing a relatively rapid 
return to normoxic rate of ventilation within 1 
week (e.g., [ 27 – 29 ]), while others clearly demon-
strated an increased ventilation (fall in PCO 2 ) 
and/or enhanced HVR after 2–7 weeks of accli-
matization [ 30 ,  31 ]. Similar to goats, both rats 
and cats display a gradual rise in discharge fre-
quency of the carotid sinus nerve in chronic 
hypoxia and an increase in the carotid body 
response to hypoxia [ 32 – 34 ].  

    Oxygen Sensing in the Carotid Bodies 
 The currently accepted framework of oxygen sens-
ing is that hypoxia leads to membrane depolariza-
tion of type I cells caused by a reduced  current 
through specifi c potassium channels, a subsequent 
infl ux of calcium ions and a release of neurotrans-
mitters, of which ATP and acetylcholine are the 
most important in exciting afferent nerve endings 
that lie in close apposition to Type I cells (reviewed 
in [ 35 ,  36 ]). Recent studies have shown a coupling 
of cellular metabolism and potassium channel inhi-
bition via AMP-activated protein kinase (AMPK—
[ 37 ,  38 ]). A remarkable property of the carotid 
body is that it contains numerous neurotransmitters 
and modulators, the functions of which are far from 
clear. Prabhakar [ 39 ] has proposed a “push-pull” 
concept involving both excitatory (many of which 
are discussed below) and less well studied inhibi-
tory transmitters. A variable balance between 
 excitatory and inhibitory transmitters could act to 
produce a sustained activation in chronic hypoxia, 
instead of a situation in the absence of inhibitors, 
whereby overactivation would occur followed by 
an exhaustion of the response. 

 In animals, with chronic hypoxia (acclimati-
zation to high altitude), the carotid body shows 
morphological and biochemical adaptations that 
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result in a net increase in carotid sinus nerve 
activity and increased sensitivity to hypoxia in 
the acute stage of acclimatization. However, 
humans and several animal species with a history 
of generations at high altitude develop a blunting 
of the hypoxic response, often in the presence of 
enlarged carotid bodies. 

 When animals are exposed (and acclimatized) 
to chronic hypoxia the plastic changes occurring 
in the carotid bodies are fast, sometimes tran-
sient, and refer to both the oxygen-sensing candi-
dates themselves but also to virtually all the local 
neurotransmission systems and modulators [ 40 ]. 
It would be interesting to know to what extent 
these animal data can be translated to human sea 
level residents who move to high altitude, but 
obviously invasive carotid body studies in 
humans are impossible. It is of interest, more-
over, to consider potential effects of pharmaco-
logical agents used by many people staying at 
high altitude for shorter or longer periods in the 
light of what we know from animal studies 
because these drugs may infl uence their acclima-
tization, VAH and HVR via the carotid bodies or 
other respiratory structures.  

    Neurochemical and Membrane Ion 
Channel Adaptations 
  Dopamine  is considered a predominantly inhibi-
tory transmitter in the carotid bodies although not 
without controversies [ 8 ]. In the rat and cat, 
carotid body chronic hypoxia is associated with a 
rapid up-regulation of tyrosine hydroxylase (TH, 
the rate-limiting enzyme for dopamine synthesis) 
and an increase in dopamine turnover (references 
in [ 41 – 43 ]). In cats, rats, and rabbits dopamine is 
down-regulated in the initial stage of chronic 
hypoxia but up-regulated in later stages [ 24 ,  28 , 
 29 ,  44 – 46 ]. Male mice with a targeted deletion of 
dopamine D 2  receptors failed to show VAH and 
an increase in HVR upon exposure to hypoxia for 
2–8 days [ 25 ]. In goats and humans, however, no 
involvement of dopaminergic mechanisms in 
early acclimatization could be demonstrated [ 15 , 
 47 ,  48 ]. Altogether, at least in the initial stages of 
acclimatization, changes in carotid body dopami-
nergic mechanisms alone are probably not 
responsible for (or even related to) the increase of 
the HVR and VAH, but in some species, in later 

stages of the adaptation, a modulating role of 
dopamine cannot be ruled out. 

  Norepinephrine .   Data from cats suggest that down-
regulation of carotid body noradrenergic/adreno-
ceptor mechanisms may contribute to the chronic 
hypoxia-induced increase of the HVR [ 49 ,  50 ]. In 
other species, elevated carotid body noradrenaline 
levels were reported (references in [ 8 ,  51 ]). In 
humans, exposure to high altitude leads to sympa-
thetic activation and increased plasma catechol-
amine levels [ 52 ] but sympathetic/noradrenergic 
mechanisms do not appear to play a signifi cant role 
in VAH [ 14 ,  16 ,  53 ]. Also, at least in the initial 
stage of acclimatization, changes in chemorefl ex 
sensitivity and muscle sympathetic nerve activity 
may not run in parallel: chemorefl ex sensitivity is 
enhanced after this period, but muscle sympathetic 
nerve activity is decreased (after an initial 
increase—[ 54 ]). After 4 weeks at 5,260 m, how-
ever, the picture may be quite different with a clear 
sympathetic neural overactivity [ 55 ]. 

  Acetylcholine .   A role of the cholinergic  system in 
acclimatization is unclear. Acclimatized rats 
showed an augmented stimulation by acetylcho-
line of their carotid sinus nerve discharge on the 
one hand but failure of the nicotine receptor 
antagonist mecamylamine to cause any reduction 
in the hypoxia-induced increase in discharge on 
the other hand [ 56 ]. Studies in isolated type I 
cells from acclimatized rats indicate that chronic 
hypoxia may alter the balance between the cho-
linergic and dopaminergic systems to make the 
cells more responsive to O 2  [ 57 ]. Whereas meca-
mylamine failed to alter basal DA release from 
type I cells isolated from juvenile rats cultured in 
normoxia, the same concentration almost com-
pletely inhibited the release from cells cultured in 
hypoxia for ~12 days [ 57 ]. 

  ATP . He et al. [ 58 ] suggested an altered balance 
between purinergic and acetylcholinergic trans-
mission as a mechanism for VAH because in con-
trast to nicotinic antagonists, P2X 2  purinoceptor 
antagonists retained their ability to block the 
hypoxia-induced increase in nerve activity in 
acclimatized rats (in chronic hypoxic rats the 
inhibitory effect on neural discharge was larger). 

L.J. Teppema and R.R. Berendsen



41

Preparations from acclimatized but not control 
animals showed a prominent after-discharge in the 
carotid sinus nerve after removal of a brief hypoxic 
stimulus that was substantially reduced by puri-
nergic blockers indicating that this after- discharge 
may be caused by prolonged ATP release after the 
removal of hypoxia [ 58 ]. It remains to be seen if 
this phenomenon may be relevant to the well-
known continued hyperventilation in men and ani-
mals upon return from high altitude. 

  Nitric oxide , an inhibitory carotid body neu-
rotransmitter, is up-regulated in chronic hypoxia 
([ 59 ]; further references in [ 42 ]). In rats exposed 
to 380 Torr for up to 16 days, NOS inhibition 
caused a progressively greater stimulation of the 
carotid sinus nerve while the inhibitory effect of 
an NO donor also increased [ 60 ]. It is unknown 
how mice defi cient in neuronal [ 61 ] or endothe-
lial NOS [ 62 ] adapt to chronic hypoxia. 

  Endothelin - 1 . In the rat, exogenously applied 
endothelin-1 (ET-1) augments carotid sinus nerve 
discharge in situ and increases ventilation [ 63 –
 65 ]. In chronic hypoxia, endothelin, along with 
ET 1 —and ET A  receptors, is up-regulated in type I 
cells [ 33 ,  42 ,  65 ]. In the course of chronic 
hypoxia, selective inhibition of ET A  receptors 
progressively reduced the hypoxia-induced 
increase in carotid sinus nerve discharge in vitro 
from 11 % on day 0 (normoxia) to 50 % on day 
16 [ 33 ]. Treating rats with the ET A/B  receptor 
antagonist bosentan during exposure to 380 Torr 
for 14 days not only substantially diminished the 
hypoxic response of the carotid sinus nerve but 
also greatly reduced the carotid body enlarge-
ment and mitotic activity in type I cells [ 66 ]. 
Exposing healthy humans to hypoxia during 4 h 
increased their plasma [ET-1], while continuous 
infusion of ET-1 during such a hypoxic challenge 
augmented the chronic hypoxia-induced increase 
of their HVR [ 67 ]. 

  Angiotensin II  ( ANG II ), acting via AT 1  receptors, 
excites the carotid body (references in [ 68 ,  69 ]). 
In the rat, chronic hypoxia leads to a progressive 
increase in local angiotensinogen mRNA and pro-
tein, AT 1  receptor expression and angiotensin- 
converting enzyme (ACE) mRNA, as well as an 

enhanced chemoreceptor ANG II sensitivity [ 68 , 
 69 ]. Chronic hypoxia also up- regulates AT 4  recep-
tors that bind angiotensin IV, a pentapeptide 
metabolite of ANG II that raises intracellular 
[Ca 2+ ] in glomus cells (and more so after chronic 
hypoxia—[ 70 ]). In rabbits with congestive heart 
failure, activation of AT 1  receptors by angiotensin 
II plays a key role in the sensitization of the 
carotid bodies [ 71 ]. Angiotensin II activates 
NADPH oxidase, which leads to increased carotid 
body superoxide anion production and enhanced 
O 2  sensitivity. Superoxide dismutase levels in the 
carotid bodies of these animals are down-regu-
lated, while exogenous administration of this 
superoxide anion scavenger reverses the increase 
in carotid body sensitivity [ 71 ]. These interesting 
data, coupled to the known stimulating effect of 
ANG II on ventilation [ 72 ,  73 ], may be of rele-
vance for human adaptation to high altitude for 
several reasons. Humans tend to increase their 
ACE levels upon ascent to high altitude [ 74 ]. 
Does this also contribute to the increase in HVR? 
In long-term adaptation, ACE levels normalize 
[ 75 ]. Low circulating ACE levels are of benefi t in 
the  physiological adaptation to high altitude [ 76 , 
 77 ]. Does this play a role in “blunting” of the 
HVR in high altitude natives? Part of the variation 
in plasma ACE levels is explained by polymor-
phism of the  ACE  gene, with a prevalence of the 
insertion (I) allele (i.e., the presence of a 287-base 
fragment in intron 16) over the deletion allele (D) 
associated with lower ACE levels, better high alti-
tude performance, and higher oxygen saturation 
during exercise (references in [ 5 ,  76 ,  78 ,  79 ]). In 
Peruvian Quechua, the ACE genotype does not 
appear to be associated with the magnitude of the 
isocapnic HVR [ 79 ]. However, a study in 
Caucasians showed a greater HVR in subjects 
homozygous for the I allele [ 80 ]. Individuals with 
the ACE I/I genotype had more success in reach-
ing the summit of Mt Blanc [ 76 ]. 

  Proinfl ammatory cytokines . Type I cells contain 
receptors for the interleukins IL-1β and IL-6 and 
for TNF-α [ 81 ,  82 ]. Type-I cells from chronic 
hypoxic rats displayed transcriptional up- 
regulation and increased protein expression of 
these proinfl ammatory cytokines and their recep-
tors while they also showed increased [Ca 2+  i ] 
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responses to these cytokines [ 83 ]. Liu et al. [ 34 ] 
showed up-regulation of carotid body IL-1β and 
TNF-α already after 1 day of hypoxia (exposure 
to 380 Torr) when the number of invaded macro-
phages was still low. After prolonged exposure of 
28 days cytokine levels were normalized, except 
those for IL-6, which could be ascribed to 
increased production by type-I and -II cells. 
Finally, the chronic hypoxia-induced increase in 
hypoxic carotid sinus sensitivity was inhibited by 
dexamethasone and ibuprofen [ 34 ]. These 
intriguing data need further verifi cation in 
humans: would NSAIDs and corticosteroids at 
high altitude infl uence the acclimatization pro-
cess? That at least the initial phase of exposure to 
high altitude is associated with increased plasma 
levels of infl ammatory cytokines may be relevant 
in this context; whether or not this occurs via a 
reactive oxygen species-dependent pathway 
remains controversial (references in [ 84 ]). 

  Ion channels and membrane currents . Several 
studies in type I cells from adult chronic hypoxic 
animals indicate that they manifest altered 
expression profi les and/or activity of O 2 -sensitive 
potassium channels and other channel species 
such as sodium channels and gap junctions. For 
example, in rat type I cells chronic hypoxia leads 
to a decrease in current density in the membrane 
of type I cells, but not that caused by maxi-K 
channels (i.e., large conductance calcium- 
dependent potassium channels which are consid-
ered as oxygen sensitive channels in this species); 
this results in a larger contribution of these chan-
nels to the resting membrane potential and an 
increased hypoxia-induced catecholamine release 
thus contributing to the increase in hypoxic sensi-
tivity in chronic hypoxic animals [ 85 – 90 ]. 

  Role of HIFs in VAH . Generally, chronic 
hypoxia is accompanied by up-regulation of 
genes that promote tissue oxygenation, facili-
tate oxygen uptake by cells, and adapt cellular 
metabolism, e.g., by limiting and optimizing 
oxidative phosphorylation. The master plan of 
gene expression in chronic hypoxia is orches-
trated by the hypoxia-inducible transcription 
factor HIF-1 [ 91 ,  92 ]. HIF-1 is a heterodimer 
consisting of the nuclear subunit HIF-1β and 

the cytosolic subunit HIF-1α. Both subunits are 
constitutively expressed but HIF-1α undergoes 
posttranscriptional  modifi cation under the 
infl uence of the PO 2 . In normoxic conditions 
HIF-1α is subject to degradation but in hypoxia 
it is rescued from proteasomal breakdown, 
where after it is translocated to the nucleus 
where it dimerizes with HIF-1β to form the 
transcription factor HIF-1. Increased mitochon-
drial production of ROS is thought to play an 
important part in preventing the breakdown of 
HIF-1α in hypoxia ([ 93 ,  94 ]; see also Chap.   1    ). 
The dimer can now bind to the hypoxia response 
elements of target genes where it recruits co-
activator proteins to promote transcription. In 
this way many target genes can be induced, 
e.g., those encoding erythropoietin, vascular 
endothelial growth factor, glucose transporters, 
ET-1, and many others [ 91 ]. 

 By setting the level of gene products that 
infl uence the signal transduction and morphology 
of the carotid bodies and the further processing of 
afferent input by the central nervous system, 
HIF-1 can be considered an important modulator 
of the HVR. In the carotid bodies, HIF-1α (but 
also the paralogues HIF-2α and HIF-3α) is (are) 
up-regulated during chronic hypoxia, which has 
been related to several of the hypertrophic, vas-
cular, and neurochemical adaptations discussed 
above [ 95 ,  96 ]. Generally, neurons, astrocytes, 
and endothelial cells in the central nervous sys-
tem respond to chronic hypoxia with up- 
regulation of HIF-1α aimed at restoring tissue 
oxygen levels [ 97 ]. For example, induction of 
some target genes results in an increased synthe-
sis of neuronal NOS [ 98 ,  99 ] and of TH in cate-
cholaminergic cardiorespiratory neurons in the 
medulla [ 100 ]. For further references on the role 
of HIF-1α in chronic hypoxia we refer to [ 43 ]. 

 That HIF-1α may play an important part in 
acclimatization is supported by data from both 
animals and humans. Mice with a heterozygous 
loss of function of the  HIF - 1α  gene ( HIF - 1α  +/− ) 
have a substantially reduced carotid sinus nerve 
response to acute hypoxia; do not show the nor-
mal pattern of VAH; and have pulmonary hyper-
tension, right ventricular hypertrophy, and a 
delayed polycythemia [ 101 ,  102 ]. Humans with 
Chuvash polycythemia have increased HIF-1 
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levels due to impaired degradation of HIF-1α and 
show an abnormally high resting ventilation, an 
exaggerated HVR, and a low arterial PCO 2  [ 103 ]. 
This phenotype is reminiscent of VAH; also, 
these subjects have an elevated pulmonary arte-
rial pressure and show exaggerated pulmonary 
vasoconstriction in acute hypoxia [ 103 ]. Chronic 
hypoxia not only increases the HVR but also aug-
ments pulmonary vascular O 2  sensitivity, and the 
latter phenomenon seems to depend on the iron 
status of the body [ 104 ]. An infl uence of the iron 
status on VAH and the (increase in) HVR could 
not be demonstrated but cannot be ruled out 
[ 104 ]. Also in relation to HIF-1, altered expres-
sion of the  Epo  gene, one of its many target 
genes, and of the Epo receptor may contribute to 
VAH (see also above). 

 In fact the involvement of HIF-1 in VAH will 
be rather complex because often paradigms with 
intermittent hypoxia will be superimposed on the 
chronic hypoxia itself. For example, sleeping at 
high altitude is characterized by periodic breath-
ing frequently accompanied by apneas. As is the 
case in sleep apnea patients, the resultant inter-
mittent hypoxia will up-regulate HIF-1α and is 
associated with generation of reactive oxygen 
species (reviewed in [ 105 ]). 

 More transcription factors than HIF-1 alone 
contribute to VAH [ 106 ]. For example, a role of 
the transcription factor activator protein-1 (AP-1, 
a heterodimer comprising proteins belonging to 
the c-Fos and c-Jun families) is indicated by the 
fi nding that mice lacking the  fos B  gene (a mem-
ber of the  fos  family of immediate early genes), 
although having a normal HVR when kept in nor-
moxia, do not exhibit VAH and an increase in 
HVR when exposed to chronic hypoxia [ 107 ]. 
The interesting question remains as to whether 
the up-regulation of various transcription factors, 
apart from sensitizing O 2  chemoreceptors, may 
also recruit oxygen sensing mechanisms that are 
silent in normoxia. 

  Role of reactive oxygen species  ( ROS )  in VAH ? A 
thus far unanswered question is whether during 
chronic hypoxia (CH) an altered balance between 
pro- and antioxidants plays a role in the increased 
carotid body sensitivity as in chronic intermittent 
hypoxia (CIH). In animals, CIH results in an aug-

mented carotid body O 2  (not CO 2 ) sensitivity that 
can be prevented by an antioxidant treatment 
[ 101 ,  102 ,  108 ]. In contrast to wild types, hetero-
zygous HIF-1α +/−  mice fail to respond to hypoxia 
and do neither accumulate ROS or augment their 
carotid body O 2  sensitivity after CIH. Mice with 
a haploinsuffi ciency for HIF-2α ( Epas 1  +/− ) 
resulting in a reduced expression of antioxidant 
enzymes, notably superoxide dismutase, show an 
augmented response to hypoxia, unstable breath-
ing, and hypertension [ 108 ]. Chronic hypoxia in 
these animals has not been studied yet. These 
fi ndings may suggest a role of ROS in the adapta-
tion to high altitude hypoxia, but two points 
should be emphasized here. First, CH and CIH 
lead to different carotid body adaptations. For 
example, in contrast to CH, CIH is not accompa-
nied by morphological changes in the carotid 
bodies and does not result in an appreciable 
increase in baseline ventilation [ 40 ]. Second, 
ROS are not directly involved in the process of 
oxygen sensing per se, and neither oxidizing nor 
reducing agents are able to modulate the hypoxia-
induced catecholamine release by type I cells 
[ 40 ,  109 ]. Further studies are needed to study a 
possible role of ROS in VAH. 

  AMP - activated protein kinase  ( AMPK ). AMPK is 
an important metabolic sensor that is activated by 
an increase in the AMP/ATP ratio that occurs in 
metabolic stress conditions, for example acute 
hypoxia [ 110 ,  111 ]. The enzyme suppresses ATP-
consuming processes, while catabolic processes 
are up-regulated (references in [ 40 ]). AMPK is 
able to phosphorylate various types of O 2 -sensitive 
potassium channels and as such is suggested to 
provide the link between oxygen sensing and cell 
metabolism [ 37 ,  38 ,  109 ]. In muscle cells, AMPK 
activation results in increased uptake of glucose 
and insulin sensitivity [ 111 ,  112 ]. Chronic 
hypoxia has similar effects but it is unclear 
whether this is also mediated by up-regulation of 
AMPK [ 113 ]. Further studies are needed to iden-
tify metabolic pathways that are linked to VAH 
and to determine the role of AMPK. 

  Hydrogen sulphate . Genetically engineered mice 
lacking cystathionine γ-ligase (CSE, the enzyme 
that is required for H 2 S synthesis in the carotid 
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body) have severely impaired sensitivity to 
hypoxia [ 114 ]. The identity, however, of H 2 S as a 
mediator of oxygen sensitivity has been ques-
tioned because it also inhibits mitochondrial 
function (cytochrome  c ) raising intracellular Ca 2+  
and as yet has not been shown to inhibit O 2 - 
sensitive potassium channels [ 109 ]. In addition, 
the levels of H 2 S required to increase carotid 
body activity seem to be toxic concentrations 
known to increase ventilation and inhibit 
 cytochrome  c  [ 115 ]. It is unknown how CSE 
knockout mice adapt to chronic hypoxia.  

    Morphological Changes in the Carotid 
Bodies 
 The carotid bodies undergo considerable mor-
phological changes in chronic hypoxia. Typical 
vascular adaptations are remodeling and endo-
thelial proliferation [ 51 ,  95 ,  116 – 118 ]. Earlier 
studies showed enlarged type I cells with 
increased numbers of mitochondria and enlarged 
dense core vesicles [ 119 – 122 ]. More recently, 
Bisgard and coworkers, using bromodeoxyuri-
dine (BrdU), a uridine analog that is incorporated 
into cells undergoing cell division, reported 
hyperplasia of glomus cells from rats during the 
fi rst 1–3 days of hypoxia but no further increase 
in labeling after 1 week [ 51 ,  123 ]. Carotid bodies 
from mice exposed to hypoxia for up to 20 days 
showed an increased BrdU incorporation after 1 
day that was followed by a  delayed  rise in the 
amount of BrdU + /TH +  (i.e., dividing type I) cells 
from hypoxic day 5 on, even  before  a macroscop-
ically recognizable increase in carotid body size; 
upon return to normoxia the size normalized, but 
50 % of TH +  cells were newly formed ([ 124 ], see 
also [ 117 ]). These intriguing observations led 
Pardal et al. [ 124 ] to suggest the existence of pro-
genitor cells starting to divide before they differ-
entiate into TH-containing type I cells. Type II 
cells were the predominant cell type to divide in 
the fi rst 24–48 h; with progressing hypoxia 
almost all of them were replaced by intermediate 
progenitor cells and after about 1 week dividing 
TH +  cells appeared [ 124 ]. 

 Animals (such as guinea pig, dogs, cats, and 
dogs but not llama and alpaca) and humans living 
at high altitude possess enlarged carotid bodies 
[ 125 – 127 ]. Adaptation to  long - term  hypoxia is 

associated with glomus cell hyperplasia of the 
 so- called light variant of type I cells, which is pre-
ceded by multiplication of the “dark” variant that 
may operate as the progenitor of the light variety 
[ 128 ,  129 ]. At least in the Andes, high altitude is 
associated with a relatively high incidence of che-
modectomas in humans and animals [ 125 ,  126 , 
 130 ]. It has been suggested that this type I cell 
hyperplasia, together with the diminished HVR 
refl ects a genetic failure to adapt to high altitude 
(references in [ 131 ]). Hyperplasia during short-
term adaptation, however, may well be associated 
with an increase in the hypoxic response. 

 In summary, the carotid bodies respond to 
chronic hypoxia with profound adaptive and pos-
sibly species-dependent changes in morphology, 
membrane properties, and expression of numer-
ous stimulatory and inhibitory modulators/neu-
rotransmitters. Under the orchestration of 
transcription factors such as HIF-1 all these 
simultaneous plastic changes may serve to keep 
the balance between excitatory and inhibitory 
infl uences within control limits. The question as 
to which of these adaptations are relevant for 
humans at high altitude remains unanswered to 
date. Also it might be anticipated that commonly 
used pharmacological agents such as ACE inhibi-
tors, inhibitors of endothelin receptors, 
β-blockers, phosphodiesterase-5 inhibitors, and 
anti-infl ammatory agents could infl uence the 
acclimatization process per se by their possible 
actions in the carotid body.   

      Role of Central Nervous System 
Changes to HVR and VAH 

 Although the peripheral chemoreceptors and 
carotid body play the dominant role in the VAH, 
changes in the CNS may have modulating effects 
on the fi nal response. To investigate a possible 
adaptation (facilitation) of the processing of affer-
ent carotid body input by the central nervous sys-
tem, Dwinell and Powell [ 132 ] compared the effect 
of electrical carotid sinus nerve stimulation on 
phrenic nerve activity in control and acclimatized 
rats (380 Torr 1 week) and indeed found a large 
increase in the central nervous system gain (“CNS 
gain”) of a standard electrical input from this nerve. 
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This phenomenon may also exist in other species 
(e.g., humans, ponies—for references see [ 133 , 
 134 ]), but in the cat it is not manifest, at least after 
a hypoxic exposure lasting 48 h [ 32 ]. In goats, 
NaCN (assumed to cause maximal carotid body 
stimulation) caused equal effects on ventilation 
before and after 4 h of isocapnic or poikilocapnic 
hypoxia [ 135 ], but this does not preclude changes 
in CNS gain during prolonged hypoxia in this spe-
cies. The potential mechanisms for this CNS facili-
tation and gain are  discussed below. 

  Altered balance of peripheral and central dopa-
minergic systems . In the NTS, dopamine, acting 
via dopamine-D 2  receptors, has a stimulatory 
effect on ventilation [ 136 ], so local up- regulation 
of TH during chronic hypoxia as observed in 
rats [ 137 ] may facilitate respiratory output. In 
mice, the stimulatory effect on ventilation of the 
lipophilic dopamine antagonist droperidol in 
normoxia was transformed into an inhibitory 
one after chronic hypoxia [ 138 ]. Mice with a 
deletion of the  dopamine - D   2    receptor  gene did 
not manifest any VAH after 8 days of acclimati-
zation [ 25 ,  136 ]. Thus, it was suggested that a 
shift in the relative contribution of the periph-
eral and central dopaminergic systems may con-
tribute to VAH [ 136 ]. 

  Up-regulation of NMDA receptors . Processing of 
afferent carotid body input by the caudal NTS 
occurs via glutamatergic (NMDA and non- 
NMDA) receptors [ 139 ,  140 ]. In chronic hypoxic 
rats, the dorsocaudal brain stem showed time- 
dependent changes in the expression of individ-
ual NMDA receptor subunits that were related to 
the increase in the acute HVR [ 141 ]. Up-regulation 
of NMDA receptors was observed in the medulla 
of chronic hypoxic mice [ 142 ]. In chronic 
hypoxic rats, the NMDA antagonist MK-801 had 
a larger inhibitory effect on hypoxic ventilation 
than in unacclimatized controls, also suggesting 
up-regulation of NMDA receptors [ 143 ]. 

  PDGF - β receptors . When activated, platelet- 
derived growth factor-β receptors reduce NMDA 
receptor-mediated ionic currents (references in 
[ 139 ]). Down-regulation of PDGF-β receptors 
during chronic hypoxia was suggested to contrib-

ute to VAH because (1) PDGF-β injection in the 
NTS decreased the acute hypoxic response in the 
rat [ 144 ]; (2) mutant mice heterozygous for the 
PDGF-β receptor showed a reduced hypoxic ven-
tilatory decline [ 139 ]; (3) rats acclimatized to 
10 % O 2  during 2 weeks showed down-regulation 
of PDGF-β receptors in the dorsocaudal brainstem 
that was signifi cantly correlated with VAH, while 
the attenuation of the hypoxic response by injec-
tion of PDGF-β in the NTS decreased over time 
and in fact was absent from day 7 on [ 145 ]. Mice 
lacking the PDGF receptor gene show a substan-
tially reduced hypoxic ventilatory decline but 
VAH in these mice has not been studied yet [ 146 ]. 

  NO - related mechanisms . NO is an important cen-
tral excitatory mediator of the HVR. Chronic 
hypoxic mice had higher neuronal NOS levels 
and NO production in their medulla that seemed 
related to VAH [ 142 ]. Up-regulation of neuronal 
NOS was also observed in peripheral and central 
neurons of rats exposed to 12–24 h hypobaric 
hypoxia [ 99 ]. A hypoxia-induced rise in 
 intracellular NO in the NTS may be one of the 
secondary consequences of NMDA receptor acti-
vation [ 139 ]. Thus, a feed-forward mechanism 
may exist in the NTS between NMDA receptor 
activation and NO release to enhance the CNS 
gain [ 147 ]. Rats exposed to chronic hypoxia and 
receiving a continuous intracerebroventricular 
infusion of the NOS inhibitor L-NAME dis-
played a lower normoxic ventilation (frequency) 
than controls after exposure indicating a reduced 
VAH. However, their HVR was indistinguishable 
from acclimatized control animals that had 
received no NOS inhibitor [ 148 ]. Thus, up- 
regulation of NO in the medulla during chronic 
hypoxia may contribute to VAH but the scarce 
data do not support a contribution to the 
increased HVR. 

  Erythropoietin  ( Epo ). Mice overexpressing human 
Epo in the brain without elevation of plasma Epo 
and hematocrit (Tg21 mice) were reported to show 
larger increases in ventilation and HVR in chronic 
hypoxia, even after carotid sinus nerve section 
[ 149 ]. Female (but not male) mice with increased 
peripheral and central Epo expression (Tg6 mice, 
with increased hematocrit) were reported to have 
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an augmented HVR [ 150 ]. However, another study 
in Tg6 mice (sex not mentioned) reported no dif-
ference in HVR with wild types; after acclimatiza-
tion, VAH and an augmented HVR were clearly 
present in wild types but totally absent in the Tg6 
genotype and this was suggested to be related to 
up-regulated carotid body dopaminergic mecha-
nisms [ 26 ]. Finally, infusion into the brain of the 
soluble Epo receptor—that normally is down-reg-
ulated in chronic hypoxia thus increasing Epo bio-
availability—reversed VAH in normal mice [ 151 ]. 
These studies in mice should be interpreted with 
caution because they were obtained with body 
plethysmography, hypoxic challenges were per-
formed in poikilocapnic conditions, arterial blood 
gases were not available, and ventilation levels 
were low relative to CO 2  production. 

 In humans Epo concentration reaches a peak 
after 2 days of chronic hypoxia [ 152 ]. An inter-
mittent hypoxia paradigm in male subjects for 4 
days caused a rise in plasma [Epo] that was cor-
related with the increase in HVR [ 153 ]. Acute 
infusion of Epo in humans was reported to 
increase the HVR in women but not males, but 
this study is seriously fl awed by the extremely 
low reported minute ventilation in these subjects 
and by the fact that the authors treated the  in spired 
O 2  fraction as the ventilatory stimulus [ 150 ]. In 
conclusion, at this stage a role of Epo in VAH is 
not clear and more studies in acclimatized 
humans are needed to establish its potential role 
in the increase of the HVR. 

  Central oxygen - sensing neurons . Intrinsic oxy-
gen sensors in the ventrolateral medulla of rats 
displayed enhanced sensitivity in vitro in the ini-
tial phase (4–5 days) of chronic hypoxia that in 
later stages (9–10 days) of acclimatization was 
offset [ 154 ]. Whether these neurons could also 
become more sensitive to synaptic input further 
enhancing CNS gain by a synergistic action with 
low PO 2  is unknown. In rats, chronic hypoxia for 
10 days induced heme oxygenase 1 (but not heme 
oxygenase 2) in the rostroventrolateral medulla 
which has been suggested to facilitate respiratory 
output via modulation of potassium ion currents 
by CO generated by this enzyme [ 155 ]. Oxygen 
sensors may thus contribute to VAH but further 

studies elucidating the mechanism(s) of central 
oxygen sensing are needed to confi rm this. 

  Expression profi le of ion channels in the NTS . It 
has been reported that during chronic hypoxia 
outward currents through specifi c ATP-
dependent potassium channels in NTS neurons 
receiving monosynaptic input from the carotid 
bodies are reduced. This would lead to an 
increased excitability of these neurons and an 
enhanced CNS gain [ 156 ]. 

  Hypoadditive O   2  – CO   2    interaction . Studies in the 
rat indicate a negative O 2 –CO 2  interaction, i.e., 
the lower the central PaCO 2  the larger the stimula-
tory effect of hypoxia on ventilation [ 157 ,  158 ]. In 
this species this negative O 2 –CO 2  interaction, sug-
gested to be due to a negative interaction between 
peripheral and central chemoreceptors [ 158 ], 
could increase the CNS gain and thus play a role 
in VAH. A negative O 2 –CO 2  interaction, however, 
has not proven to exist in humans.  

     Role of Carotid Bodies in CO 2  
Sensitivity 

 Several studies have reported an augmented venti-
latory response to CO 2  after chronic hypoxia or 
acclimatization to high altitude. Robbins and 
 colleagues [ 159 ] exposed subjects to 8 h of iso-
capnic hypoxia prior to an incremental exercise 
protocol and found an increase in slope of the CO 2  
response curve that was mainly attributed to 
 augmented carotid body sensitivity, although a 
central contribution could not be excluded. In ear-
lier studies, Mathew et al. [ 160 ] and Schoene and 
colleagues [ 22 ] had shown an increased ventila-
tory CO 2  sensitivity after acclimatization at 3,500 
and 7,315 m, respectively. More recently, in 
humans following a gradual ascent and acclimati-
zation to 5,500 m, Ainslie and co-workers [ 161 ], 
employing modifi ed rebreathing, reported a 30 % 
increase in slope of the hyperoxic CO 2  response 
curve that they attributed to the central chemore-
ceptors; note however that during hyperoxia the 
carotid body is not silenced and that during the 
rebreathing procedure that starts with inhaling 
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from a bag containing 7 % CO 2  and 93 % O 2  the 
infl uence of oxygen on CO 2  sensitivity progres-
sively increases—see [ 40 ]. At the same time these 
authors also found an increased cerebrovascular 
CO 2  sensitivity, both in the hypocapnic and hyper-
capnic range. What causes this apparent increase 
in central  ventilator CO 2  sensitivity? By itself, a 
higher cerebrovascular CO 2  sensitivity would 
tend to reduce the slope of the CO 2  response curve 
so this tendency must be overruled by other 
 mechanisms. Peripheral CO 2  sensitivity will be 
 augmented by all the adaptive changes in the 
carotid bodies that are discussed above and that 
could explain the fi ndings of Robbins and co-
workers. And certainly, an increase in central gain 
(section “ Role of Carotid Bodies in CO 2  
Sensitivity ”) would also augment the peripheral 
response to systemic changes in PCO 2 . 

 Recent data obtained in awake dogs with one 
denervated carotid body and the other one per-
fused separately from the systemic circulation 
showed that when this carotid body was kept 
hypoxic central CO 2  sensitivity could be higher 
by as much as 200 % than control, while the 
opposite, a reduction by almost 80 %, was seen 
when it was perfused with hyperoxic/hypercap-
nic blood [ 162 ]. If humans would possess similar 
anatomical connections between the peripheral 
and central chemoreceptors as the rat [ 163 – 165 ] 
and employ a similar cross-talk between the two 
as suggested in this awake dog model, VAH, in a 
condition of combined hypoxia/hypocapnia, 
could, at least partly, be attributed to an increase 
in central chemosensitivity. Note, however, that 
Robbins and colleagues showed an augmented 
CO 2  sensitivity after both eucapnic and hypocap-
nic hypoxia, i.e., a combined hypocapnia and 
hypoxia is not a prerequisite for the increased 
CO 2  sensitivity to become manifest. In addition, 
in humans there are no convincing data showing 
an interaction between the peripheral and central 
chemoreceptors other than simply additive 
 (references in [ 40 ]). And fi nally, in the dog model 
a combined selective carotid body hypoxia/ 
hypocapnia, a condition similar to high altitude 
in which the low CO 2  would tend to reduce 
carotid body output by the local O 2 –CO 2  interac-
tion, was not tested.  

    Role of Acid–Base Status and Central 
Chemoreceptors? 

 As reviewed by Smith et al. in the fi rst edition of 
this volume [ 4 ], earlier studies have failed to 
demonstrate a causal relationship between ven-
tilatory adaptation and arterial, cerebrospinal 
fl uid or brain interstitial pH. Changes in brain 
intracellular pH could also not account for VAH 
[ 166 ,  167 ]. 

 A thus far unsettled issue concerns the role of 
lactate in VAH. Combined central hypoxia and 
hypocapnia during acclimatization results in an 
increase in brain lactate production combined 
with alkalosis, but the gradual alleviation of this 
alkalosis in time does not run in parallel with the 
gradual rise in ventilation, arguing against this 
original hypothesis of Severinghaus and also not 
supporting a role of a decrease in strong ion dif-
ference affecting CSF pH as suggested by 
Javaheri [ 4 ,  168 ,  169 ]. 

 In evaluating the role of lactate on the HVR, a 
distinction should be made between the acute 
response to hypoxia (AHR) initiated by the 
carotid bodies (i.e., stimulation followed by a 
secondary roll-off) and the chronic response that 
is relevant to VAH during which both the carotid 
bodies and central mechanisms are infl uencing 
ventilation. With regard to the carotid bodies dif-
ferent effects are reported in various animal 
models. For example, in awake goats dichloroac-
etate (DCA), that reduces lactate production by 
activating the enzyme pyruvate dehydrogenase, 
increases the AHR, which may be hard to recon-
cile with known stimulating effects of lactate on 
type I cells [ 170 ] and with the smaller stimula-
tory effect on ventilation of intravenous lactate 
in carotid body denervated compared to intact 
rats [ 171 ]. Note, however, that DCA-induced 
effects may also be a secondary consequence of 
increased synthesis of Acetyl CoA and down-
stream intermediates of the citric acid cycle, 
rather than being caused by a decrease in lactate 
concentration per se. In other words, DCA may 
not be the most appropriate pharmacological 
tool to study the effects of lactate. In humans low 
dose DCA does not infl uence the AHR or HVD, 
but this has been suggested to be due to too low 
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an administered dose [ 172 ]. With regard to 
 central effects of lactate and its potential infl u-
ence during VAH we refer to a frequently cited 
study in anesthetized, artifi cially ventilated, and 
carotid body denervated cats in which DCA pre-
vented the occurrence of central hypoxic depres-
sion and acidosis during CO hypoxia, which was 
interpreted as an inhibitory effect of lactate on 
ventilation during hypoxia. Whether these data 
are relevant for VAH in conscious humans and 
animals is doubtful because these animals were 
kept under anesthesia and isocapnic, their carotid 
bodies were denervated, and the duration of the 
hypoxic challenge was only 15 min [ 173 ]. In 
awake goats, a time-dependent alleviation of lac-
tate production in the brain was proposed as a 
mechanism underlying VAH, but also in this 
study a low dose DCA was used, lactate concen-
trations were not measured, while in addition the 
carotid bodies were intact so that peripheral 
effects of changes in lactate could not be 
excluded [ 174 ]. In the rat, intravenous infusion 
of lactate to achieve arterial levels up to 20 mM 
increased ventilation independent from changes 
in arterial PCO 2  [ 175 ]. Finally, DCA, in the max-
imally effective dose to inhibit lactate synthesis, 
greatly reduced the ventilatory response to poi-
kilocapnic hypoxia measured over 150 min 
[ 172 ], suggesting that lactate may contribute to 
VAH rather than acting as an inhibitory stimulus. 
In conclusion, more studies are needed to deter-
mine how and whether CNS and peripheral lac-
tate changes at high altitude in rest and during 
exercise may have a potential role in breathing at 
high altitude. 

 Despite the lack of a causal relationship 
between changes in brain ECF/CSF pH and ven-
tilation during VAH, the absence of VAH after 
carotid body denervation or isolated central 
hypocapnic hypoxia in several species, and the 
fact that carotid body hypoxia alone is able to 
elicit VAH (references in section “ Role of Central 
Nervous System Changes to HVR and VAH ”), a 
signifi cant role of the central chemoreceptors in 
the acclimatization process cannot be ruled out. 
In the rat, the retrotrapezoid nucleus RTN in the 
rostroventrolateral medulla, an important site 
containing specifi c respiratory CO 2  chemorecep-

tors [ 163 ], possesses afferent and efferent 
 connections with the subnuclei of the nucleus of 
the solitary tract NTS where carotid body affer-
ents terminate [ 164 ]. In carotid body intact but 
not in denervated rats, CO 2  sensitive neurons in 
the RTN are strongly activated by systemic 
hypoxia via a glutamatergic pathway from the 
commissural NTS [ 165 ]. Thus, during chronic 
hypoxia these neurons having extensive projec-
tions to nearby respiratory neurons may receive a 
time- dependent progressively increasing input 
from the carotid bodies and may thus appear to 
be an indispensable link in VAH. Recently, a 
canine model was developed in which one carotid 
body of awake dogs (the other carotid body being 
denervated) can be selectively perfused indepen-
dently of the systemic circulation. With this 
model it is possible to study possible cross-talk 
between peripheral and central chemoreceptors 
and this may yield new insights into the mecha-
nism of VAH [ 162 ]. This is briefl y discussed in 
section “ Role of Central Nervous System 
Changes to HVR and VAH .”   

    Conclusion 

 The HVR and VAH are important determinants 
of success at high altitude. A subject’s HVR at 
sea level may have a predictive value for best per-
formance at high altitude (e.g., [ 176 ,  177 ]) but 
this is not necessarily always the case (e.g., [ 178 , 
 179 ]). Obviously, what matters is the magnitude 
of ventilation at high altitude that for a number of 
reasons will be the result of more than just the 
immediate effect of inspired low oxygen, such as 
low barometric pressure, diffusion, and mechani-
cal limitations, the O 2 –CO 2  interaction in the 
carotid bodies (the lower the PCO 2  the lower 
carotid body sensitivity to changes in PaO 2 ), a 
possible peripheral–central interaction (the lower 
the PaO 2  the higher central CO 2  sensitivity) and, 
last but not least, the impressive amount of plas-
tic changes in the carotid bodies and central ner-
vous system. These adaptations are likely 
governed by transcription factors with HIF-1 as 
the master regulator of hypoxic responses, 
but may take some time to fully develop. 
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Further studies are needed to determine the 
precise mechanisms by which carotid body sensi-
tivity already is enhanced after a  few  hours of 
hypoxia and whether these are also orchestrated 
by HIF-1- related gene products. 

 Apart from an augmented HVR, the response 
to hypercapnia is also increased after high alti-
tude adaptation. The entire respiratory system 
operates at higher gain, at the background of a 
low arterial PO 2  and PCO 2 . Especially a high gain 
and a low PCO 2  lead to breathing instability and 
are responsible for the periodic breathing during 
sleep commonly observed at high altitude ([ 180 ] 
and Chap.   17    ). 

 High altitude is associated with oxidative 
stress from various sources [ 181 – 184 ]. There is 
little information on the consequences of antioxi-
dants supplementation on the HVR at high alti-
tude. This issue may be of relevance and deserves 
to be studied in more detail. First, the balance 
between antioxidants and prooxidants (ROS in 
particular) plays an important part in the stabili-
zation of HIF-1α [ 93 ,  94 ] and thus in the induc-
tion of HIF-1 target genes encoding modulators 
of the HVR. Second, ROS may play a role in 
cytokine production at high altitude and are 
involved in the signal transduction cascade upon 
activation of the AT-1 receptor. And fi nally, in 
various circumstances antioxidants have proven 
to increase the HVR or to reverse its reduction by 
acetazolamide and other pharmacological agents 
[ 185 – 189 ]. In fact changes in redox state may 
infl uence carotid body sensitivity via several 
pathways (references in [ 190 ,  191 ]). Antioxidant 
supplementation will reduce the oxidative stress 
and may improve muscle performance at high 
altitude (e.g., [ 192 ,  193 ]) but the effects on the 
HVR may be complex and warrant further study.     
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Abstract

As the first step in the path for oxygen transport to the body, the response 
of the respiratory system is critical to maintaining an adequate level of 
function at high altitude. Environmental hypoxia, combined with cold and 
heavy exercise all contribute to considerable stress to the lung. Acute alti-
tude exposure results in hypoxia, and a rapid and sustained increase in 
alveolar ventilation, with an associated fall in alveolar and arterial partial 
pressure of carbon dioxide. In addition cardiac output and pulmonary vas-
cular pressures also increase. These changes along with any occurring as a 
result of altitude illness have the potential to alter pulmonary function and 
gas exchange. In addition, acclimatization to hypoxia of hours to days 
duration results in additional physiological changes overlying the acute 
changes. This review explores the changes in pulmonary function, as well 
as changes in pulmonary gas exchange at rest or during exercise that occur 
within the first hours to weeks of hypoxic exposure following ascent to 
high altitude.
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4Lung Function and Gas Exchange

Andrew M. Luks and Susan R. Hopkins

 Introduction

Travelers to high altitude are exposed to low 
barometric pressure and ambient oxygen ten-
sions, setting in motion a series of physiologic 
responses that determine adaptation to these 
environmental conditions. The respiratory sys-
tem is one of the primary systems involved in 
these responses. Important changes occur in both 
pulmonary mechanics and gas exchange that, in 
turn, affect physiologic parameters, such as arte-
rial oxygenation and acid–base status, and clini-
cal outcomes such as exercise tolerance and 
development of acute altitude illness.
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In this chapter, we review several components 
of the respiratory system’s response to high alti-
tude that may affect such outcomes. In the first 
section, we review the changes in pulmonary 
function that occur within the first hours to weeks 
of hypoxic exposure including changes in spi-
rometry and lung volumes, diffusing capacity, 
closing volume and closing capacity, airways 
resistance, respiratory muscle strength and the 
work of breathing, while in the second section of 
the chapter, we review important changes in 
 pulmonary gas exchange that occur at rest or dur-
ing exercise 48 or more hours following ascent to 
high altitude. Both of these topics were reviewed 
extensively in the previous edition of this volume 
[80, 121]. In the space that follows, we provide a 
concise review of the material covered in the 
 previous edition and highlight the more recent 
studies where applicable.

 Pulmonary Function

Before reviewing the changes in pulmonary func-
tion with hypoxic exposure, it is important to rec-
ognize that for many of the topics discussed 
below, there is considerable variability in the 
reported results, not only in the magnitude but 
also in the direction of the observed changes. The 
most likely reason for this variability is the sig-
nificant methodological differences across studies 
which make comparisons very difficult: Some 
studies are hypobaric chamber studies (usually of 
short duration) while others are field studies (usu-
ally of longer exposure), and additionally there is 
variation in measurement techniques, the altitudes 
at which data was collected, the ascent rate and 
time spent at that altitude, and the activities of the 
participants during their sojourn (rest or exercise). 
In addition, sample sizes in many of the studies 
are small, which might affect statistical power and 
the ability to detect differences between groups or 
at different altitudes. Each of these factors has the 
ability to affect changes in the measured vari-
ables. For example, if studies are conducted at dif-
ferent altitudes, the degree of hypoxia will vary, 
as will the subsequent physiologic responses. The 
magnitude of hypoxic pulmonary vasoconstric-

tion, for example, demonstrates a dose–response 
relationship (discussed in Chaps. 5 and 22). This 
might affect the degree of pulmonary capillary 
blood flow and, therefore, alter diffusing capacity 
measurements. Similarly, the time elapsed 
between ascent and data collection may affect the 
subjects’ acclimatization to hypoxia, which, in 
turn, may either magnify or diminish the observed 
physiologic responses.

 Spirometry and Lung Volumes

Of all the different measures of pulmonary func-
tion, spirometry has the greatest amount of data, 
as numerous studies have examined changes in 
spirometric parameters in hypoxia. The majority 
of these studies reveal that vital capacity (VC) 
decreases with hypoxic exposure, whether the 
exposure is acute [42, 101, 113] or subacute [77, 
130] or whether it was in a hypobaric chamber 
[39, 92] or in the field [76, 89, 101]. Depending 
upon the parameter studied, various mechanisms 
have been proposed for the observed changes 
including decreased respiratory muscle strength 
[29], hypocapnia [110], increased interstitial 
fluid accumulation [77], and increased pulmo-
nary blood volume [130]. It should be noted, 
however, that two more recent studies did not 
reveal changes in this parameter. In their study of 
262 recreational climbers ascending over 24 h to 
4,559 m, Cremona et al. [26] showed no changes 
in forced vital capacity (FVC) or the Forced 
Expiratory Volume in one second (FEV1) and 
forced expiratory flow at 25–75 % of vital capac-
ity (FEF25–75 %) when measured within 1–2 h of 
arrival at the target elevation, while Dehnert 
et al. [31] studied 34 climbers using a similar 
ascent profile and showed that the FVC did not 
change upon initial ascent to 4,559 nor over the 
following 2 days at that altitude. The reason for 
the  differences between these two studies and 
the others cited above is not clear but may relate 
to methodological differences such as the 
elapsed time following ascent before measure-
ments were conducted or difference in altitude at 
which measurements were performed in this 
entire cohort of studies.
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Although there are some inconsistencies in 
the data regarding FVC, all previous studies con-
sistently show that peak expiratory flow (PEF) 
rates increase at high altitude, with some differ-
ences in the magnitude of the observed change 
between studies. Deboeck et al. [29], for exam-
ple, reported an 11–20 % increase from sea level 
values at 4,267 m while Pollard et al. [89] noted 
a 25 % increase in PEF at 5,300 m. Part of this 
variability may be a function of the altitude at 
which PEF has been measured, as Mason [77] 
noted a 9 % increase in PEF at 2,800 m and a 
16 % increase at 5,300 m in their study of 46 sub-
jects trekking to Everest Base Camp. Fasano 
et al. [38] have shown similar changes in PEF 
with increasing altitude. These results imply that 
the changes in air density that occur with ascent 
to higher elevation are responsible for the 
observed changes in PEF. However, some studies 
[29] have noted that the magnitude of the 
observed change in PEF is less than that expected 
based on the changes in air density alone, thereby 
suggesting that factors, such as cold-induced 
bronchoconstriction or respiratory muscle fatigue 
(discussed further below), might mitigate the 
effect of air density.

Like the PEF, maximum voluntary ventilation 
(MVV) is also consistently improved across stud-
ies in both the hypobaric chamber [24, 39] and in 
the field [27, 40, 90]. Only a single study [7] has 
noted a decrease in this parameter on initial 
arrival at high altitude and continued declines 
with subsequent gains in elevation. As with 
changes in PEF, the improvement in MVV seen 
in the majority of studies is likely due to changes 
in air density as the increases in MVV are also 
seen in subjects breathing oxygen-enriched gas 
mixtures while exposed to hypobaric conditions 
[24, 39]. The consistent improvement in MVV is 
somewhat surprising, however, as this maneuver 
is dependent on muscle strength, as well as 
 subject effort. As indicated below, some studies 
suggest that maximum inspiratory and expiratory 
pressure may decline at high altitude and the high 
incidence of acute mountain sickness (AMS) 
with acute exposure [50, 53] makes it likely that 
many study participants may not feel well enough 
to expend the full effort necessary for this test.

Decreased air density, however, does not 
seem to have a positive impact on another impor-
tant measure of pulmonary function, the FEV1; 
the majority of studies demonstrate that FEV1 
does not change in either a hypobaric chamber 
[130] or the field [26, 29, 77, 89]. There is some 
inconsistency in this data, as well, however. 
Gautier et al. [42], for example, reported a small 
increase in FEV1 following ascent to 3,457 m 
while Dehnert et al. [31] demonstrated an 
increase in this parameter following ascent to 
4,559 m which persisted over the following 2 
days at that elevation. On the other hand, Mansell 
[76] reported a small, nonsignificant decrease 
with ascent to 5,366 m and Basu et al. [7] noted 
a noted no change on initial ascent to 3,110 m 
but a decrease on subsequent days at that eleva-
tion and with further gains in elevation. Given 
the consistent changes in PEF and MVV, it is 
somewhat surprising that the data regarding 
FEV1 has also not shown consistent changes.  
If decreased air density has a large effect on pul-
monary mechanics at altitude, one would expect 
FEV1 to consistently move in the same direction 
as these other parameters.

Lung volumes have been measured less fre-
quently at high altitude than spirometric parame-
ters. This likely reflects the fact that this 
measurement requires large, bulky equipment, 
such as a body plethysmograph, which is more 
difficult to transport to the field environment than 
equipment necessary to measure standard spiro-
metric parameters. The data regarding changes in 
total lung capacity (TLC) are mixed with older 
hypobaric chamber and field studies showing 
either an increase in this parameter [22, 76, 98, 
113] and or no change [42, 44]. More recently, 
Dehnert et al. [31], used body plethysmography 
in 34 healthy volunteers who ascended to 4,559 m 
in less than 24 h, and found no changes in TLC 
relative to sea level values either upon arrival or 
on the following 2 days at this elevation. Similar 
findings were reported by Pellegrino et al. [85] in 
their study of 14 largely healthy (one subject had 
a history of seasonal allergic asthma while 
another had a history of asthma) male volunteers 
who ascended from sea level to 4,559 m over a 
period of 3 days.
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As noted above, most studies suggest that vital 
capacity decreases upon ascent to high altitude. 
Given the equivocal changes in TLC, the decrease 
in vital capacity should, therefore, derive from an 
increase in the residual volume (RV). The major-
ity of studies [22, 62, 98, 113] do, in fact, reveal 
an increase in RV, although Gautier et al. [42] did 
not find changes in this parameter over 6 days at 
an altitude of 3,457 m. The increase in residual 
volume has been attributed to various factors, the 
most common of which is an increase in extra-
vascular fluid accumulation leading to peribron-
chial cuffing, premature airway closure, and an 
increase in the closing volume [62]. This issue is 
considered in greater detail in the next section.

 Closing Volume and Closing Capacity

Closing volume refers to the volume of gas in 
excess of residual volume when small airway 
closure begins during a maximal exhalation, 
while closing capacity is defined as the sum of 
the closing volume and the residual volume. 
These variables have been assessed infrequently 
at high altitude with mixed results. In several 
early hypobaric chamber [22] and field studies 
[62] (discussed in greater detail in the previous 
edition of this book) individuals were noted to 
have an increase in closing capacity following 
hypoxic exposure, although in the field study 
by Jaeger et al. [62] the increase was only found 
at 36 and 72 h after arrival at high altitude and 
was not seen upon initial ascent. At the same 
time, however, Gray et al. [46] found no change 
in closing volume when measured by single-
breath nitrogen washout in healthy subjects 
after either 4 h in a hypobaric chamber (equiva-
lent to 4,880 m) or following 7 days at an 
 altitude of 5,335 m.

More recent studies have shown similarly 
mixed results. Using the single-breath nitrogen 
washout method, Dehnert et al. [31], found no 
change in closing volume relative to sea level 
over a 3-day period following ascent to 4,559 m 
while two other studies, using similar ascent 
 profiles to the same elevation, found that closing 
volume did, in fact, increase. Senn et al. [101] 

studied 26 unacclimatized lowlanders who 
ascended from 490 to 4,559 m and showed an 
increase in closing volume from 0.35 ± 0.14 to 
0.44 ± 0.11 L above residual volume within 3 h of 
arrival at the peak altitude. There were no further 
changes in mean closing volume between the first 
and second day at this altitude, although there 
was significant inter-individual variability in 
these changes. In 9 of the 21 subjects who contin-
ued to have increased closing volume on Day 2, 
diffusing capacity for carbon monoxide (DLCO) 
was reduced. The decrease in DLCO could pos-
sibly be attributed to interstitial and alveolar 
edema formation, but arguing against this pulmo-
nary artery pressures, which have been shown to 
correlate with blood and protein levels in the 
bronchoalveolar lavage fluid of climbers who 
have rapidly ascended to the same elevation 
[111], remained the same as the remaining 12 
subjects whose DLCO did not change.

Using a similar ascent profile, Cremona et al. 
[26] measured closing volume in 262 climbers 
and noted that among those climbers with radio-
graphic or physical exam evidence of high alti-
tude pulmonary edema (HAPE), closing volume 
was increased following ascent compared to the 
low-altitude measurements (Fig. 4.1). They 
argued that this likely occurs because interstitial 
fluid accumulation causes peribronchial cuffing 
that, in turn, narrows small airways and leads to 
premature airway closure on exhalation. Of 
greater note was the fact that there was also a sta-
tistically significant increase in closing volume 
between low and high altitude among those indi-
viduals without evidence of HAPE (Fig. 4.1). In 
total, 74 % of these climbers had increased clos-
ing volume, which, the authors argue, suggests 
that may asymptomatic people might be develop-
ing subclinical pulmonary edema. Given that 
clinically evident HAPE affects only 0.2–15 % of 
climbers to high altitude depending on the rate of 
ascent and ultimate altitude attained [6, 50, 103], 
this represents a startlingly high value. Although 
this is, by far, the largest study of pulmonary 
function conducted at altitude, the conclusions 
regarding subclinical edema must be viewed with 
caution, as there were several important method-
ological issues. First, it is unclear if the observed 
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changes were due to the hypoxia itself, hypocap-
nia, or the effect of exercise. Most of the subjects 
were studied within 1–2 h of climbing to 4,559 m, 
an important feature of the study design given 
that exercise causes ventilation-perfusion 
inequality in up to 70 % of individuals (discussed 
further in the gas exchange section of this chap-
ter). Second, subjects did not undergo bronchodi-
lator response testing to determine if the observed 
closing volume changes could be attributed to 
cold- or exercise-induced bronchoconstriction 
rather than interstitial fluid accumulation, an 
issue that also arises with the day 1 measure-
ments in the study by Senn et al. [101]. Third, 
closing volume measurements are a surrogate 
measure for extravascular lung water and were 
not compared directly to a different, perhaps, 
gold standard measurement of this variable. This 
is particularly important considering other stud-
ies such as that of Snyder et al. [104] who mea-
sured extravascular lung water in healthy 
volunteers using computed tomography, which 
allows direct visualization of extravascular lung 
water, following 17 h of hypoxia (FIO2 0.125) 
and actually found a decrease in this parameter. 
Finally, unlike the three other studies, which used 
the single-breath nitrogen washout method in 
order to measure closing volume, these authors 
determined closing volume by assessing changes 
in the intra-breath respiratory exchange ratio and 

did not correlate their measurements with those 
of the more standard nitrogen washout method. 
Given these issues and the discrepant results in 
the other studies mentioned above, it is difficult 
to draw firm conclusions about changes in clos-
ing volume with acute exposure to high altitude 
or make any inferences about closing volumes 
and extravascular lung water.

 Diffusion Capacity

Further insight into the incidence of subclinical 
pulmonary edema might be gained by examining 
another important marker of pulmonary function 
at high altitude, the diffusing capacity for carbon 
monoxide (DLCO). To the extent that individuals 
develop subclinical or overt pulmonary edema, 
one would expect this parameter to decline with 
hypoxic exposure. As with many of the other 
parameters reviewed thus far, however, the data 
regarding the effects of high altitude on diffusing 
capacity are inconsistent and do not provide ade-
quate insight into this question. In early studies, 
for example, Guleria et al. [49] showed an 
increase in DLCO on days 2, 5, and 10 following 
ascent to 3,658 m, while Weiskopf and 
Severinghaus showed a decrease in this parame-
ter after 3 days at 4,340 m [128] and Kreuzer and 
Van Lookeran Campagne [65] found no differ-
ence after 7–10 days at 4,559 m. While measure-
ments were conducted at rest in these studies, 
West [132] also found no change in this parame-
ter during exercise at sea level, 4,700 and 
5,800 m. More recent studies have also failed to 
show consistent changes in DLCO. In their study 
of 26 healthy individuals after 1 day at 4,559 m, 
for example, Senn et al. [101] found that DLCO 
decreased slightly when adjusted for the lower 
ambient PO2. Dehnert et al. [31] also adjusted for 
the lower PO2 in their study of healthy volunteers 
at the same elevation, yet found that DLCO 
increased on days 1, 2, and 3 following ascent to 
4,559 m. Most recently, Agostoni et al. [1] 
reported an increase in DLCO when adjusted for 
hemoglobin and the low PO2 following a 10-day 
trek to and 2 weeks of rest at 5,400 m, although 
whether these results can be compared to those of 
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Senn et al. and Dehnert et al. is not clear given the 
marked difference in the time frame (several days 
vs. several weeks) of the measurements relevant 
to the ascent to the target altitude.

As with many of the other measures of pulmo-
nary function discussed in this chapter, the rea-
sons for these differences are not clear. For this 
particular parameter, with the exception of the 
data from Agostoni et al. [1] the studies were all 
conducted following quick ascents to relatively 
similar altitudes (3,600–4,559 m) so the observed 
differences cannot be simply attributed to differ-
ences in ascent rate or the altitude reached. The 
more recent studies also adjusted DLCO mea-
surements for the lower ambient oxygen tensions, 
an important adjustment given that the lower 
oxygen tensions will lead to higher carbon mon-
oxide affinity for hemoglobin which could affect 
measured values.

An interesting fact to consider regarding 
DLCO measurements is that there may be impor-
tant inter-individual differences in this parameter 
at altitude. Steinacker et al. [105] provided evi-
dence of such variability in their study of eight 
HAPE-susceptible and five HAPE-resistant indi-
viduals during exercise at sea level in normoxia 
and hypoxia (FIO2 = 0.14). In ambient air and 
hypoxia, DLCO increased during exercise at 30 
and 50 % of maximal oxygen consumption (V̇O2 

max) compared to resting values but the magnitude 
of change was significantly lower in the HAPE-
susceptible individuals (Fig. 4.2). This may reflect 
differences in the ability to recruit and distend the 
pulmonary vasculature between these two groups 
of patients that affects the total alveolar-capillary 
surface area for carbon monoxide uptake.

Ge et al. [43] has noted similar differences 
between individuals with and without AMS fol-
lowing ascent from 2,260 to 4,700 m, with 
smaller increases in DLCO seen in the AMS 
group and decreased values in those individuals 
with the highest AMS scores. While this result 
suggests that people with AMS may have sub-
clinical interstitial edema, Dehnert et al. [31] 
were unable to replicate these results in subjects 
with and without AMS following ascent to 
4,559 m. The reasons for these discrepant results 
are not clear but may relate to differences in 
ascent profile as the subjects studied by Ge et al. 
resided at 2,260 m while those examined by 
Dehnert et al. began their ascent from sea level.

 Airways Resistance

Because air density decreases with increasing 
altitude, one would expect airways resistance to 
be lower at high altitude than at sea level. This 
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effect may be mitigated or enhanced, however, by 
other features of the high altitude environment. 
For example, hypoxia has been shown in some 
studies to increase bronchial hyperresponsive-
ness [28, 35], although, as discussed further 
below, Pellegrino et al. [85] recently showed no 
effect of high altitude on airway responsiveness. 
Similarly, the hypocapnia that develops as a 
result of the hypoxic ventilatory response can 
increase airway resistance [82, 116]. At the same 
time as these factors might lead to increased 
resistance, however, acute hypoxic exposure 
leads to increased sympathoadrenal activity [78], 
which may, in turn, promote bronchodilation.

Field studies have not demonstrated a con-
sistent effect of acute high altitude exposure on 
airways resistance. On the one hand, several 
earlier studies reported a decrease in airways 
resistance. Gautier et al. [42], for example, 
measured airways resistance and total pulmo-
nary resistance during a 6-day sojourn to 
3,457 m and found nonsignificant decreases in 
both variables on day 1 but significant decreases 
on day 2 that persisted through the remainder 
of the sojourn. Mansell et al. [76] noted a 29 % 
decreased in total pulmonary resistance after 
9–30 days at 5,366 m while Cruz [27] noted a 
6 % decrease in airways resistance in unaccli-
matized lowlanders with acute exposure to 
4,350 m. More recently, however, two studies 
reported no change in this parameter between 
low and high altitude. Dehnert et al. [31] mea-
sured resistance using body plethysmography 
and found no difference following ascent to 
4,559 m in less than 24 h while Pellegrino et al. 
[85] reported similar findings using impulse 
oscillometry to measure resistance following 
ascent to the same elevation over a period of 3 
days. One potential explanation for the dis-
crepancy between these and the earlier studies 
may be the difference in time frames over 
which the measurements took place relative to 
the ascent to high altitude. The studies by 
Gautier et al. and Mansell et al. were conducted 
after at least 6 days at the target altitude during 
which time acclimatization is well underway, 
while resistance was measured in all of the 
other studies within 4 days of arrival. 

Differences in duration at altitude might, for 
example, affect sympathetic nervous system 
activity [61] which could, in turn, affect over-
all bronchial tone.

It is interesting to note that in the studies by 
Gautier et al. [42] and Cruz [27], however, the 
observed changes in airways resistance were dif-
ferent than that expected based on changes in air 
density alone; Gautier et al. [42], for example, 
found agreement between the observed and pre-
dicted resistance on day one, but less resistance 
than predicted on days 2–6 at high altitude, a 
finding which suggests the presence of additional 
bronchodilation at high altitude. Cruz [27], on 
the other hand, noted that resistance fell by only 
7 % at high altitude as compared with the 17 % 
predicted decrease based on air density alone. 
This finding suggests that other factors, such as 
hypoxia, hypocapnia, or cold temperature may be 
mediating some degree of bronchoconstriction 
that counteracts the effects of the changes in air 
density. The reasons for the discrepant results 
between these two studies are not clear. They 
may result from differences in methodology for 
measuring airways resistance and the fact that 
Gautier et al. measured resistance changes over a 
6-day period whereas Cruz’s measurements were 
only performed on the first day at high altitude.

 Airway Hyperresponsiveness

Related to the issue of airway resistance is the 
question of what happens to airway hyperrespon-
siveness following ascent to high altitude. This 
question has been infrequently examined but the 
available data suggests that airway hyperrespon-
siveness decreases in this setting. Cogo et al. [23] 
examined responses to hypoosmolar aerosol and 
methacholine in 11 adults with a history of mild 
asthma at 5,050 m and found a decrease in airway 
responsiveness that they attributed to higher lev-
els of cortisol and catecholamines. The same 
group reported similar findings in a study done at 
4,559 m [2]. Pellegrino et al. [85] also examined 
this issue and found a smaller increase in airway 
resistance following methacholine inhalation at 
high altitude when compared to sea level with 
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preservation of the bronchodilatory effect of deep 
breathing following methacholine administra-
tion. They attributed these findings to the reduced 
gas density at high altitude, hyperventilation and 
the effect of increased elastic recoil associated 
with a proposed increase in extravascular lung 
water and decrease in lung compliance.

 Respiratory Muscle Strength

With acute high altitude exposure, resting minute 
ventilation increases due to the hypoxic ventila-
tory response [93]. Similarly, for any given work 
rate during exercise, minute ventilation will be 
higher at high altitude than at sea level [91]. In 
light of these increased ventilatory requirements, 
it is reasonable to question whether the hypoxic 
conditions at high altitude adversely affect the 
individual’s ability to generate and sustain these 
increased levels of minute ventilation.

The limited available data reveal conflicting 
evidence about the effect of high altitude on rest-
ing maximum and minimum inspiratory pres-
sures. Deboeck et al. [29] for example, exposed 
individuals to the equivalent of 4,267 m in a 
hypobaric chamber and found that maximum 
inspiratory pressure (MIP) and maximum expira-
tory pressure (MEP) were decreased relative to 
baseline values following 1 h of hypoxia and 
remained depressed over the course of the 12-h 
exposure (Fig. 4.3). They also found that MIP 
and MEP strongly correlated with vital capacity 
and, as a result, argued that these changes in 
respiratory muscle strength were responsible for 
the decrease in vital capacity at altitude. Similarly, 
Fasono et al. [38] studied eight normal individu-
als during and following an ascent to 4,559 m and 
documented decreases in MIP and MEP at each 
step in the ascent that correlated with the decline 
in oxygen saturations. With acclimatization and 
increasing time at peak altitude, MIP and MEP 
improved but did not return to sea level baseline 
values, suggesting that muscle strength improves 
as acclimatization occurs. These results, how-
ever, do not agree with those seen in other stud-
ies. Forte et al. [40], for example, demonstrated 
no change in MIP or MEP during acute exposure 

to 4,300 m in the field or to a barometric pressure 
of 460 Torr in a hypobaric chamber, while 
Sharma and Brown [102] found that the effect of 
high altitude on MIP and MEP varied based on 
the altitude at which they were measured and the 
time spent at that altitude. At 3,450 m, MIP and 
MEP were slightly increased upon initial arrival 
but fell over the subsequent 2 days at that eleva-
tion, while after 3 days at 5,350 m, both MIP and 
MEP rose relative to the values measured at 
3,450 m and remained largely unchanged over 
the subsequent 3 weeks at the higher elevation. 
Why MIP and MEP improved with increasing 
elevation in this study, while declining with 
increasing elevation in the study by Fasano et al. 
[38] is not clear but may be due to the longer 
duration of stay at high elevation which, in turn, 
allowed more time for acclimatization and 
improved tissue oxygen delivery which may, in 
turn, lead to recovery of muscle strength.

The above studies were all performed with 
subjects at rest. Additional evidence suggests that 
the respiratory muscle function may also be fur-
ther impaired during exercise in hypoxia. 
Gudjonsdottir et al. [48], for example, demon-
strated that the force generating capacity of the 
diaphragm at maximal exercise was reduced and 
diaphragm recovery from fatigue was prolonged 
at an altitude of 3,325 m compared to sea level. 
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Similarly, Babcock et al. [5] exercised normal 
individuals at 85 % of their VO2 max to  
exhaustion in normoxia and hypoxia (FIO2 = 0.15) 
and demonstrated that while similar degrees of 
diaphragm fatigue occur under both conditions, 
the time to exhaustion and peak diaphragm 
fatigue was markedly reduced at high altitude. 
Similar to Gudjonsdottir et al. [48] they also 
found that diaphragm recovery, as measured by 
bilateral phrenic nerve stimulation was prolonged 
in hypoxia compared to normoxia; whereas full 
recovery occurred by 60 min in all individuals in 
normoxia, the response to phrenic nerve stimula-
tion was still reduced at 90 min post exercise in 
hypoxia. The consistency in results between 
these exercise studies stands in contrast to the 
conflicting data from studies conducted with sub-
jects at rest.

 Lung Compliance

Several studies have assessed dynamic and static 
lung compliance at high altitude. Most studies 
show no significant changes in dynamic lung com-
pliance [27, 42, 67, 76], although in a considerably 
more recent study, Pellegrino et al. [85] reported a 
decrease in dynamic compliance following ascent 
to 4,559 m. The assessments of static compliance 
have not yielded consistent results. On the one 
hand, many studies suggest that compliance 
remains relatively constant in the initial days to 
weeks at high altitude. Gautier et al. [42], for 
example, studied nine healthy individuals during a 
6-day sojourn to 3,457 m and demonstrated that 
while the static pressure- volume relationships 
shifted to the left between days 1 and 5 at high 
altitude there was no change in the slope of these 
curves and static lung compliance measured at 
60–70 % of TLC remained unchanged. Similarly, 
Mansell et al. [76] studied seven healthy men 
between days 9 and 30 at 5,366 m and also noted 
leftward and upward shifts in the static pressure-
volume curves but no changes in static compliance 
during the high  altitude sojourn.

While the results of the studies by Gautier 
et al. and Mansell et al. agree with those of other 
assessments of static compliance at high altitude 

[27, 67] several studies have yielded discrepant 
results. Jaeger et al. [62], for example, studied 25 
soldiers during field exercises between 3,000 and 
4,300 m and reported clockwise rotation of the 
pressure-volume curves at high altitude relative 
to the low-altitude curve, a result that is sugges-
tive of decreased compliance at high altitude. The 
authors attributed this change to increased inter-
stitial fluid accumulation and increased thoracic 
blood volume. The magnitude of the observed 
change in this study, however, is questionable, as 
close inspection of their pressure-volume curves 
reveal that the compliance curves measured at 
low and high altitude were not markedly different 
from each other (Fig. 4.4). Kronenberg et al. [66] 
have also reported a decrease in static lung com-
pliance in their study of four healthy individuals 
at 3,800 m. Static lung compliance fell from 
176 ± 8 to 141 ± 8 mL/cm H2O when measured 
after 72 h at high elevation. Using a similar meth-
odology as these authors, Raymond et al. [94] 
measured static lung compliance on four indi-
viduals over 10 days at 4,343 m and found the 
opposite result: non-statistically significant 
increases in static compliance relative to sea level 
values on days 2–8 and a statistically significant 
increase on day 10. Most recently, Pellegrino 
et al. noted a decrease in both static inspiratory 
and expiratory compliance at 4,559 m compared 
to sea level which they attribute to extravascular 
lung water accumulation.
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dotted line). Each point is the mean of observations 
obtained at 0, 36, and 72 h of the low and high altitude 
phases of the study (redrawn with permission from [62])
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The reasons for the discrepancies in these var-
ious studies are not clear but also probably relate 
to differences in study design. In the studies by 
Gautier et al. [42] and Mansell et al. [76], for 
example, the subjects remained largely at rest 
during their stay at altitude. In the study by Jaeger 
et al. [62], however, the soldiers were participat-
ing in field exercises and, to the extent that pro-
longed exercise at high altitude promotes 
extravascular fluid accumulation, this might have 
affected measurements of lung compliance. 
Similarly, in the study by Kronenberg et al. [66] 
subjects were flown to high altitude while breath-
ing supplemental oxygen; while in the study by 
Raymond et al. [94] individuals breathed room 
air during a slower ascent by automobile.

 Work of Breathing

The overall work of breathing in a given 
 individual is a function of both the elastic and 
resistive work of breathing. Lung compliance 
affects the elastic work of breathing and, as 
noted above, studies on this parameter in resting 
subjects have not found significant changes at 
high altitude. As a result, one may not expect 
large changes in the elastic work of breathing. 
To the extent that interstitial fluid accumulation 
occurs, however, particularly with exercise, 
compliance may decrease and the elastic work 
of breathing may get worse. Resistive work of 
breathing is largely a function of airway resis-
tance, which, as noted earlier, decreases with 
high altitude exposure. This would lead one to 
expect decreased resistive work of breathing, 
but as emphasized earlier, if there is significant 
cold- or exercise-induced bronchoconstriction, 
airway resistance and, therefore, resistive work 
may actually increase.

Only a few studies have examined how these 
theoretical issues are borne out at high altitude. 
In his study of six low-altitude natives exposed to 
an altitude of 4,350 m, Cruz [27] measured the 
work of breathing at rest and showed a statisti-
cally significant increase in the work of breathing 
from 0.033 ± 0.002 kgm/L at sea level to 
0.039 ± 0.002 kgm/L at high altitude. There were 

small increases in both elastic (0.025 ± 0.002 to 
0.028 ± 0.002 kgm/L) and resistive work 
(0.008 ± 0.001 to 0.011 ± 0.001 kgm/L) but only 
the increase in resistive work was statistically 
significant. The increase in resistive work is 
somewhat surprising because Cruz measured a 
7 % decrease in airways resistance in the same 
study, although the measured decrease was lower 
than that predicted from the changes in air den-
sity alone.

While the study by Cruz examined individuals 
at rest, Cibella et al. [21] examined changes in the 
mechanical power of breathing (Wrs) in four 
individuals during submaximal exercise at sea 
level and following 1 month at 5,050 m. In one 
individual, Wrs at a given level of minute ventila-
tion was lower at high altitude than at sea level, 
while in the other three subjects, the relationship 
between Wrs and minute ventilation was 
unchanged between the two environments 
(Fig. 4.5). In addition, they showed that the oxy-
gen cost of breathing at altitude is a function of 
mechanical efficiency. If mechanical efficiency is 
as low as 5 %, the oxygen cost of breathing 
amounts to 26 % of VO2 max whereas if effi-
ciency rises to 20 %, the oxygen cost of breathing 
is only 6.5 % of VO2 max.

Other studies have of the work of breathing 
during exercise have yielded divergent findings. 
Thoden et al. [114], for example, reported an 
increase in Wrs for any given minute ventilation 
in seven individuals during exercise at 3,100 m 
while Petite et al. [86] reported a decrease in Wrs 
for any given minute ventilation in two subjects 
at an equivalent altitude of 7,500 m in a hypo-
baric chamber and Mognoni et al. [81] reported a 
20 % decrease in dynamic respiratory work in 
three subjects in a field study at 3,500 m.

One of the important differences between 
these studies that may account for the discrep-
ant results is the duration of time spent at alti-
tude prior to the measurements. In the study by 
Cibella et al. [21], for example, measurements 
were made after 1 month at 5,050 m. As a 
result, it is entirely possible that the measured 
work of breathing is different than what one 
would measure before acclimatization had 
occurred or before any effects of cold- or  
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exercise-induced bronchoconstriction on resis-
tive work or interstitial fluid accumulation on 
 elastic work may have dissipated.

 Extravascular Lung Water  
at High Altitude

A topic of considerable debate within the field of 
high altitude medicine and physiology is whether 
individuals who ascend to high altitude develop 
increased extravascular lung water in the absence 
of any pulmonary symptoms. Concern has also 
been raised as to whether those who develop this 
problem, often referred to as subclinical pulmo-
nary edema, may be at increased risk for pro-
gression to overt HAPE [26]. Many of the 
changes in pulmonary function noted above such 
as the decrease in vital capacity and observed 
increases closing volume are invoked as evi-
dence of this phenomenon. Drawing conclusions 

about this issue from the pulmonary function 
data described above, however, is problematic in 
several respects. First, with the exception of vital 
capacity and PEF rates, there is significant vari-
ability across studies in observed changes in 
many of the parameters cited as evidence of 
extravascular lung water accumulation, such as 
TLC and closing volume. Second, many of the 
observed changes in pulmonary function param-
eters that are cited as support for extravascular 
lung water accumulation can alternately be 
explained by other phenomena such as cold air 
hyperpnea, hypocapnia, heavy exercise, and 
mild respiratory muscle fatigue [110]. Finally, 
the changes in pulmonary function are, at best, 
surrogate, or indirect, measures for extravascular 
lung water accumulation. In none of these stud-
ies are the observed changes in pulmonary func-
tion correlated with findings on more direct 
assessment of extravascular lung water such as 
magnetic resonance imaging or computed 

Fig. 4.5 Respiratory power as a function of minute ventilation. Panels a–d represent data from four individual subjects. 
Curves were calculated according to the equation: Ẇrs = bVE

2 + cV̇E
3 where b and c are constants (reprinted with permis-

sion from [21])
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tomography. In fact, studies using these tech-
niques have not consistently shown an increase 
in extravascular lung water with hypoxia and/or 
exercise [110]. Given these issues, no definitive 
conclusions can really be made about the pres-
ence of extravascular lung water based on the 
pulmonary function data. The question is an 
important one to investigate but more direct 
measurements will need to be made using other 
techniques in order to resolve it.

The many parameters discussed above are 
reflective of changes in lung mechanics and func-
tion that occur with exposure to high altitude. It is 
these changes that will affect the ability of the 
respiratory system to deliver oxygen to the alve-
oli. In the second half of the chapter, we consider 
the next step of the oxygen cascade and, in 
 particular, examine how hypoxic exposure affects 
gas exchange and the ability of the lung to trans-
fer that oxygen into the blood stream.

 Gas Exchange

 Overview

There is a considerable body of work document-
ing the effects of acute hypoxia of a few minutes 
to hours duration on pulmonary gas exchange. 
However, very few travelers arrive at high alti-
tude without any acclimatization at all, and many 
are present at high altitude for days, weeks, or 
years. Thus, most are at least partially acclima-
tized. The focus of this section of this chapter 
will be to integrate new information related to 
factors affecting pulmonary gas exchange in 
acclimatized subjects with that published in the 
previous edition [121].

 Oxygen Availability

The primary physiological challenge at high 
altitude is the reduction in oxygen availability 
resulting from reduced barometric pressure 
[12]. Although the fractional concentration of 
oxygen remains constant at 0.21, with increas-
ing elevation (and corresponding decline in 

barometric pressure) the partial pressure of 
oxygen (PO2) falls. After inspiration, a further 
reduction in ambient PO2 occurs because of 
warming and humidification of the inspired air, 
and then a further reduction occurs as it mixes 
into the resident gas of the gas exchange por-
tions of the lung whose PO2 is lower as a result 
of ongoing uptake into blood and associated 
CO2 evolution into the alveolar space. Figure 4.6 
shows the progressive decline as elevation 
increases, of PO2 in ambient air, in the upper 
airways after being warmed and wetted, and in 
the alveoli. From this figure two points are par-
ticularly important: (1) While the absolute 
value of the saturation vapor pressure of water 
is a constant 47 Torr at 37 °C (body tempera-
ture), it is a progressively larger percentage of 
alveolar gas as elevation increases; (2) The 
effect of hyperventilation induced by stimula-
tion of peripheral chemoreceptors reduces the 
alveolar CO2 (PACO2) and raises alveolar O2 
(PAO2), particularly above ~1,500 m and this 
buffers the decline in alveolar oxygen (PAO2). 
Thus, this  second point highlights the impor-
tance of ventilatory sensitivity to hypoxia (cov-
ered in Chap. 3 of this book) as an important 
determinant of arterial oxygenation at altitude. 

Fig. 4.6 Effect of increasing elevation and correspond-
ing reduction in barometric pressure (calculated from 
[133]) on the partial pressure of oxygen as it progressed 
from dry ambient air, becomes warmed and wetted in the 
upper airways, and then mixed with alveolar gas. The 
closed squares show the effect of hyperventilation induced 
by increasing alveolar hypoxia is to reduce carbon dioxide 
(data from [121]), and buffer the fall in alveolar PO2
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This is because of the effects on the arterial partial 
pressure of oxygen (PaO2) and also because 
hyperventilation- induced respiratory alkalosis 
shifts the oxygen- hemoglobin dissociation 
curve, facilitating oxygen loading at the lung 
[75, 125, 137].

 Barometric Pressure Variation
While barometric pressure plays a key role in 
determining pulmonary gas exchange and subse-
quent oxygen delivery at all elevations, at 
extremely high altitudes small fluctuations are of 
particular importance. An equation [133] predict-
ing barometric pressure within 1 % of actual 
measured values for many locations of interest at 
high altitude within latitudes of 15° (in all sea-
sons) and 30° (in the summer) is:
 

P Torr h hB ( ) = − −( )exp . . .6 63268 0 1112 0 00149 2

where h is the altitude in kilometers.
This equation predicts a barometric pressure 

of 252.7 Torr on the summit of Mt. Everest 
which agrees closely with the measured value of 
253 Torr [134, 136]. This summit is of particular 
interest because the physiologic conditions at 
that elevation approach the limits of human sur-
vival. This equation also predicts a barometric 
pressure of 269 Torr at 8,400 m, a value also 
very close to that measured in the field for that 
elevation [47].

Although the primary effect of hypobaria at 
altitude is a reduction in inspired PO2, there are a 
few reports of specific effects of decreased baro-
metric pressure per se on respiration and other 
physiological variables. For example, humans 
exposed to simulated altitude in a hypobaric 
chamber have been shown to have decreased ven-
tilation compared to the same inspired PO2 at sea 
level [70, 71]; however this is not universally 
seen. In addition, AMS has been reported to be 
more severe in individuals subjected to hypobaria 
than when they are exposed to the equivalent 
level of normobaric hypoxia [97]. Also, hypo-
baric hypoxia has been shown to have some 
 subtly different effects on plasma volumes and 
fluid balance compared to normobaric hypoxia 
[71]. In a systematic study comparing pulmonary 

gas exchange in normobaric and hypobaric 
hypoxia, hypobaric hypoxia resulted in a signifi-
cantly lower arterial partial pressure of oxygen 
(PaO2), saturation of arterial blood with oxygen 
(SaO2) and arterial partial pressure of carbon 
dioxide (PaCO2) although these differences were 
small (~4–8 %) and confounded by marked inter- 
subject variability [99]. Under the majority of 
research situations, the effects are similar enough 
that data from both hypobaric and normobaric 
hypoxia can be generalized, since changes result-
ing from hypoxia per se are so much greater that 
those from hypobaria.

 Resting Pulmonary Gas Exchange

 Arterial Blood Gases
The previous edition of this book [121] exten-
sively documented the results of several stud-
ies evaluating pulmonary gas exchange at 
altitude. Clearly as altitude increases, hypox-
emia worsens as the alveolar hypoxia becomes 
more severe. The net result is that approaching 
the summit of Everest (or equivalent altitude in 
an altitude chamber) resting PAO2 stabilizes at 
~32–38 Torr and alveolar PCO2 reaches 
7–11 Torr [47, 125, 136]. Although the extreme 
altitudes of Mount Everest are  mentioned as an 
example, it can be appreciated from Fig. 4.6 
that PAO2 changes  remarkably little with 
increasing elevation in acclimatized subjects 
decreasing only ~25 Torr between 3,000 and 
8,000 m. This decrease in PAO2 represents a 
decrease of about 5 Torr per 1,000 m increase 
in elevation above 3,000 m, and is a substantial 
mitigation of hypoxia by hyperventilation.

The effects of the increased elevation and 
associated increase in alveolar ventilation on 
resting arterial blood gases can be seen in 
Fig. 4.7, which shows data from direct sampling 
of arterial blood from field studies with in sub-
jects acclimatized for a period of days to weeks 
[6, 9, 25, 47, 74, 88, 96, 122, 135]. Resting PaO2 
decreases, at an average rate of ~4 Torr/1,000 m 
of altitude increase, although there is a sugges-
tion that the rate of decline lessens at elevations 
above 4,000 m. The resting PaCO2 is decreased 
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with increasing elevation, reflecting increased 
stimulation of carotid chemoreceptors. At the 
highest elevations the rate of fall in PaCO2 may 
increase substantially particularly in individuals 

with a brisk hypoxic ventilatory response (see 
[135] for details) although this may not be a 
generalized characteristic.

 Gas Exchange Efficiency: The Alveolar- 
Arterial Difference
The effect of increasing altitude on the effi-
ciency of resting pulmonary gas exchange, as 
measured by the alveolar-arterial difference for 
oxygen (AaDO2), is interesting. Resting AaDO2 
decreases with increasing altitude and fall in 
alveolar PO2, and the fall in PaO2 with increas-
ing elevation is further buffered [45]. The rea-
sons for this decrease can be found in examining 
the relative contributions from pulmonary 
 diffusion limitation of oxygen transport, venti-
lation-perfusion heterogeneity, and shunt [131] 
to the AaDO2. This complex issue reflecting the 
 interaction of many potentially interdependent 
factors has been discussed extensively in the 
previous version of this chapter [121], and is 
summarized here.

Ventilation-Perfusion Inequality
Although ventilation-perfusion inequality may be 
increased at high altitude (discussed below), this 
does not necessarily mean that the effect on pul-
monary gas exchange and the AaDO2 is increased 
compared to sea level. In fact, modeling studies 
[121] show that the effect of a given (unchanging) 
amount of ventilation-perfusion inequality on the 
AaDO2 is reduced at altitude (Fig. 4.8). The rea-
son for this is threefold: In hypoxia, more of the 
ventilation-perfusion ratios of the individual lung 
subunits fall on the steep part of the oxygen-
hemoglobin dissociation curve, and consequently 
the range of PO2 values from low to high ventila-
tion-perfusion ratio parts of the lung is less, reduc-
ing the difference between the alveolar and 
arterial PO2. Secondly since regions of relatively 
high  ventilation- perfusion ratio are on the steep 
part of the dissociation curve, small changes in 
PO2 result in large changes in content in these 
lung regions, compared to normoxia. Finally, the 
overall ventilation of the lung is increased relative 
to cardiac output [121] and thus the overall venti-
lation-perfusion ratio of the lung is increased by 
hyperventilation, such that units of relatively low 

Fig. 4.7 The effect of increasing altitude on arterial 
PO2, PCO2 and the alveolar-arterial difference for O2. 
The rate of fall in arterial PO2 (top) with increasing ele-
vation is reduced by increased alveolar ventilation 
resulting in a decreased arterial CO2 (middle) and 
increased alveolar PO2 as seen in Fig. 4.6, as well as an 
improvement in gas exchange efficiency, resulting in a 
reduction in the alveolar-arterial difference (bottom). 
See text for details. Data compiled from [6, 9, 25, 47, 74, 
88, 96, 122, 135] and represent mean data from several 
subjects at each elevation
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ventilation- perfusion ratio occur at a higher venti-
lation (and thus PO2) than if alveolar ventilation 
remained unchanged.

Other factors affect the extent of ventilation- 
perfusion inequality itself. There is a reduction in 
gas density with increasing altitude (discussed in 
the first part of this chapter) and this, combined 
with increased alveolar ventilation, has been sug-
gested to make the distribution of inspired gas in 
the lung more uniform. However, this has not 
been shown experimentally [20, 138]. Depending 
on the interaction between convective and diffu-
sive processes in the heterogeneous lung, resi-
dent alveolar gas is thought to mix differently 
with inspired gas depending on position within 
the tracheal bronchial tree, offsetting effects that 
result from reductions in density alone [20, 83]. 
Similarly sympathetically mediated increases in 
cardiac output along with hypoxia-induced 
increases in pulmonary arterial pressure are 
expected to cause dilation and recruitment of the 
capillary bed [17, 18] increasing the uniformity 
of the distribution of perfusion. Thus, since the 
distribution of both ventilation and perfusion  
are expected to be more uniform at high altitude, 
one might similarly expect ventilation-perfusion 
matching to be more uniform.

The picture is still more complicated, as 
interstitial pulmonary edema compressing 
small airways and blood vessels can disrupt 
ventilation-perfusion matching [100]. Since 
the increase in pulmonary arterial pressure 
with hypoxia will increase the driving pressure 
for fluid efflux these changes might counter-
balance other factors increasing uniformity.  
In keeping with this idea, chamber studies have 
shown that the overall extent of resting ventilation-
perfusion inequality is increased with increas-
ing altitude (Fig. 4.8), consistent with the 
development of interstitial edema, and is nota-
ble for the extent of inter-subject variability. 
Interestingly in individuals who have previ-
ously developed HAPE, the spatial heterogene-
ity of pulmonary blood flow is increased in 
response to acute hypoxia. These changes 
occurred within 5–10 min of hypoxia exposure 
[32, 55], suggesting that in these subjects 
hypoxic pulmonary vasoconstriction is uneven, 

Fig. 4.8 The effect of decreasing barometric pressure on 
the ventilation-perfusion inequality and diffusion limita-
tion components of the AaDO2. The contribution of a 
given degree of ventilation-perfusion inequality (top, 
LogSDQ, the log standard deviation of the perfusion 
inequality) to the AaDO2, decreases with decreasing baro-
metric pressure. The effect of decreasing barometric pres-
sure on the LogSDQ is variable between individuals 
(middle) with the dotted line indicating the upper bounds 
of normal sea level values. The net result is a reduction in 
the AaDO2 attributable to ventilation-perfusion inequality. 
However, the effect of decreasing barometric pressure in 
the face of a fixed diffusing capacity for oxygen (DLO2, 
bottom) is a marked increase in this component of the 
AaDO2. Figures simplified and redrawn from [121]
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providing an additional stimulus for the devel-
opment of patchy edema and increased 
ventilation- perfusion inequality. However, in 
healthy normal subjects, the spatial uniformity 
of pulmonary perfusion is either unchanged [4, 
55] or minimally increased [32].

All of this information together implies that 
the effect of ventilation-perfusion inequality on 
the AaDO2 at altitude will reflect a balance 
between the extent of the increase in ventilation- 
perfusion inequality, if any, and the net effect of 
the lungs position on the oxygen-hemoglobin 
dissociation curve. Thus in individuals who expe-
rience an increase in ventilation-perfusion 
inequality at altitude, this may be a particularly 
important contributor to the alveolar-arterial dif-
ference if pulmonary edema occurs.

Diffusion Limitation
In contrast to the situation for ventilation- 
perfusion inequality, the contribution of a fixed 
degree of alveolar-capillary diffusion limitation 
to the resting AaDO2 increases with decreasing 
barometric pressure. This is illustrated in Fig. 4.8, 
where notably diffusion limitation is not present 
at rest at sea level—consistent with the range of 
values assumed for DLO2. It can be appreciated 
that if diffusing capacity is unchanged in hypoxia, 
as modeled in this figure, an increasing amount 
of the resting AaDO2 would be explained by dif-
fusion limitation. However since the AaDO2 falls 
with increasing altitude, this is more consistent 
with ventilation-perfusion inequality being the 
major contributor to the resting gas exchange 
inefficiency at altitude [9, 88, 124]. Diffusion 
limitation likely does not contribute more to the 
resting AaDO2 likely because of an increased dif-
fusing capacity in hypoxia [9, 51, 52, 124]. This 
is confirmed by multiple inert gas elimination 
studies showing the greater contribution of 
ventilation- perfusion inequality than diffusion 
limitation to the resting AaDO2 [9, 124]. Thus in 
healthy normal subjects, diffusion limitation gen-
erally does not occur at rest. However there is 
some evidence that at extremely high altitudes it 
may contribute a small amount in some individu-
als [124], although this is difficult to prove 
conclusively.

Shunt
Intrapulmonary shunting, the passage of mixed 
venous blood through the pulmonary circulation 
without contact with ventilated regions of the 
lung [131] has attracted renewed attention recently 
as a cause of gas exchange impairment particular 
during hypoxic exercise as well as in some indi-
viduals at rest in hypoxia [37, 73, 106]. This topic 
has been debated recently and is presently quite 
controversial [58, 72]. Agitated saline contrast 
echocardiography studies demonstrate that micro-
bubbles appear in the left heart after intravenous 
injection into a peripheral vein [37, 73, 106]. In a 
similar fashion to that for ventilation- perfusion 
inequality the contribution of a fixed level of 
shunt to pulmonary gas exchange decreases as 
hypoxia worsens [118]. However, both at rest and 
during exercise, inert gas elimination studies have 
shown that the effect of intrapulmonary shunting 
on gas exchange is negligible [9, 124]. The excep-
tion to this would be the development of pulmo-
nary edema and alveolar flooding, which would 
also lead to an intrapulmonary shunt [95].

 Hemoglobin Saturation
As might be expected from the somewhat linear 
decrement in PaO2, resting arterial oxygen satu-
ration falls with increasing hypobaric hypoxia. 
The relationship between elevation and arterial 
oxygen saturation is given in Fig. 4.9. It can be 
appreciated that although the curvilinear rela-
tionship between SaO2 and elevation largely 
reflects the shape of oxygen-hemoglobin disso-
ciation curve, any changes in the affinity of 
hemoglobin for oxygen with altitude plays a key 
role in determining the net effect of pulmonary 
gas exchange on oxygen delivery. The impor-
tance of hemoglobin affinity is supported from 
comparative studies of high altitude animals. 
Perhaps one of the most robust features observed 
across widely divergent species that are adapted 
to hypoxia is a high affinity of hemoglobin for 
oxygen (i.e., a low P50) [112, 126, 127]. These 
observations are consistent with gas exchange 
models that predict that high hemoglobin-O2 
affinity (low P50) will increase O2 uptake at 
extremely high altitudes where pulmonary 
 diffusion limitation becomes increasingly 
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important [10]. It has previously been shown 
that [68, 69] that 2,3- diphosphoglycerate con-
centrations are increased with altitude exposure, 
resulting in a rightward shift in the dissociation 
curve and, thereby decreasing the affinity of 
hemoglobin for oxygen. This is counterbalanced 
by hyperventilation and respiratory alkalosis 
acting to shift the dissociation curve to the left. 
A recent study reported the changes in standard 
P50 and in vivo P50 for five climbers during a 
simulated ascent of Mt. Everest [125]. Although 
standard P50 rose from 28.1 to 33.1 Torr, the 
in vivo P50 was remarkably constant, remaining 
close to sea level values and even decreasing 
slightly at the barometric pressure equivalent to 
the summit. An analysis of the effects of P50 on 
oxygen delivery and VO2 max [119, 120] sug-
gests that, at least in humans, any given shift in 
the oxygen-hemoglobin dissociation curve is 
counterbalanced by opposing factors in the 
lungs and tissues. The net result is such that 
these shifts have little overall effect on gas 
exchange and oxygen delivery, although 
regional effects (i.e., lung vs. muscle) may be 
important [119, 120, 125].

 Differences Between Field Studies  
and Chamber Studies
It is possible that chamber studies simulating alti-
tude by hypobaric hypoxia may differ from field 
studies conducted at high altitude, even though the 
barometric pressures may be equivalent and the 
hypoxic stimulus may be similar. The proposed 
mechanisms for this include differing ascent pro-
files, use of supplemental oxygen, increased sym-
pathetic activation, cold temperature, etc. [47]. 
Since the ability to make measurements at terres-
trial high altitude is severely limited at very high 
elevations, this is worth discussion. Pulmonary gas 
exchange is highly variable between individuals, 
even in healthy subjects, and many such potential 
differences in the observations between chamber 
and field studies may be due to inter-subject vari-
ability. Figure 4.10 shows resting arterial blood 
gases and hemoglobin saturation obtained by arte-
rial sampling at various barometric pressures dur-
ing a simulated ascent [124] and an actual ascent 
of Mt. Everest [47]. Over a wide range of altitudes 
the results are remarkably similar, and both show 
substantial inter-subject variability as evidenced by 
the large standard deviations for PaO2 and hemoglo-
bin saturation, particularly at very high altitudes. At 
the very extreme altitudes the differences between 
the two studies likely represent recent use of supple-
mental oxygen acting to depress ventilation and 
thus PAO2 and PaO2 at the time the field measure-
ments were made [47]. Thus it seems reasonable to 
combine the results from chamber studies with field 
studies in understanding the various contributors to 
the AaDO2, particularly during exercise, where the 
field measurements are extremely limited.

 Pulmonary Gas Exchange During 
Exercise

 Arterial Blood Gases
Having reviewed that factors affecting pulmo-
nary gas exchange at rest in hypobaric hypoxia, 
the corresponding changes during exercise can 
now be considered. Figure 4.11 (top panel) shows 
PaO2 at different altitudes in acclimatized normal 
subjects exercising at intensities up to VO2 max. 
In normal subjects at sea level (in this case the 

Fig. 4.9 Effect of increasing elevation on resting arterial 
oxygen saturation. Data are mean data for several subjects 
from field studies in acclimatized lowlanders and com-
piled from [6, 9, 25, 47, 74, 84, 88, 96, 122, 135]. The * 
indicates the data from the highest arterial blood samples 
recorded in the field [47]. This particular value may be an 
outlier because of previous use of supplementary oxygen, 
or because of rapid ascent disrupting gas exchange, see 
text for details
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 measured Pbar was 755 Torr), the PaO2 is main-
tained near resting levels, albeit at the expense of 
increased alveolar ventilation and an increase in the 
AaDO2 (Fig. 4.11, middle panel). In highly trained 
individuals, PaO2 may fall particularly at high levels 
of work [34] and this is more common in individu-
als with a high V̇O2 max [54]. However during exer-
cise at  altitude in acclimatized subjects, virtually all 
individuals experience a fall in PaO2 from resting 
values. While the absolute decrements in PaO2 from 
rest to exercise appear relatively constant (Fig. 4.11), 
averaging ~5 Torr, they form a greater percentage of 
an ever diminishing  baseline. As a result oxygen 
delivery has the potential to become increasingly 
compromised (or conversely improved) by even 
small changes in alveolar ventilation (and thus alve-
olar PO2) and/or gas exchange efficiency (AaDO2).

Fig. 4.10 Comparison of resting values for arterial PO2 
(top) and saturation (bottom) comparing chamber studies 
to field studies. Error bars are ± SD. At all except the low-
est barometric pressures the data overlie one another. The 
discrepancies at the lowest barometric pressures likely are 
a result of more complete acclimatization in the controlled 
environment of a hypobaric chamber. Data compiled from 
[9, 33, 47, 74, 108, 122]

Fig. 4.11 Effect of barometric pressure on arterial PO2 
(top), AaDO2 (middle), and arterial saturation (bottom) 
during exercise. Data are mean data for several subjects. 
At sea level, PaO2 and arterial saturation are maintained in 
most subjects during exercise except in a minority at very 
high levels of exercise. As barometric pressure decreases 
PaO2 falls during exercise, despite an overall unchanged 
AaDO2, and SaO2 drops precipitously. Data compiled 
from [9, 33, 107, 108, 122, 124]
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 Gas Exchange Efficiency
The preceding discussion on the relative contri-
butions of ventilation-perfusion matching and 
diffusion limitation to the AaDO2 might lead one 
to think that since both ventilation-perfusion 
matching [41] and pulmonary diffusion limita-
tion [115] are expected to increase with increas-
ing exercise intensity, that the AaDO2 might 
similarly be expected to further increase with 
when the altitude is also increased. While this is 
true for subjects exercising in acute hypoxia [51, 
115], this is not the case for acclimatized sub-
jects. Figure 4.11, middle panel, shows the 
remarkable variability in the AaDO2 between 
groups of subjects exercising at differing alti-
tudes. While at each barometric pressure the 
AaDO2 increases with increasing exercise inten-
sity, there is no apparent additional effect of 
 altitude. The same is true even in chamber studies 
when the same group of subjects is repeatedly 
studied at different barometric pressures under 
standardized conditions [124]. In addition to 
inter-subject variability, these findings can likely 
be explained by the relative contributions of 
 pulmonary diffusion limitation and ventilation- 
perfusion inequality to the AaDO2 during exer-
cise, and the differing effects that altitude has on 
each of them, discussed further below.

Ventilation-Perfusion Inequality
As previously mentioned, the extent of resting 
ventilation-perfusion inequality increases with 
increasing hypobaric hypoxia, although the mag-
nitude of the increase varies between subjects 
and depends on ascent profile, with faster ascent 
associated with greater ventilation-perfusion 
inequality. Ventilation-perfusion inequality 
increases with increasing exercise intensity in 
normoxia [57] and is also further increased in 
hypoxic exercise [41, 123]. Figure 4.12 shows 
the effect of a simulated ascent of Mt. Everest 
[124] on the LogSDQ̇, an index of ventilation- 
perfusion heterogeneity derived from the multi-
ple inert gas elimination technique. It is evident 
from Fig. 4.12, that at a barometric pressure 
equivalent to the summit of Mt. Everest, signifi-
cant resting and exercising ventilation-perfusion 
inequality is present. The data from both 348 Torr 
(~6,100 m) and 253 Torr (~8,850 m, Everest 

Summit) are elevated above that seen at other 
barometric pressures, possibly reflecting the 
rapid ascent profile and the development of 
 pulmonary edema (see below) before these data 
were collected.

There is considerable evidence that increased 
ventilation-perfusion inequality during exercise 
results from the development of interstitial pul-
monary edema, including the following: (1) An 
increase in lung density is observed in subjects 
after exercise at moderate altitude [3]; (2) 
Ventilation-perfusion inequality is increased in 
acute hypoxia [41], and decreased by breathing 
100 % O2, which would alter capillary pressure 
and fluid filtration; (3) Prolonged exercise results 
in a progressive increase in ventilation-perfusion 
inequality [56], which persists in the recovery 
period after heavy exercise, when ventilation and 
cardiac output are back to resting values [100] 
consistent with fluid accumulation; (4) Subjects 
who have a history of HAPE also show larger 
increases in exercise-induced ventilation- perfusion 
inequality compared to subjects without a history 
of HAPE [88]; (5) A large scale study, described 
earlier in this chapter evaluated climbers at 1,200 
and 4,559 m and found evidence for an increase 
in closing volume in 74 % of climbers who 
lacked clinical evidence of edema [26]. Increased 
closing volume is taken as evidence of interstitial 

Fig. 4.12 The effect of barometric pressure on 
ventilation- perfusion inequality as measured by the 
LogSDQ̇, at rest and during maximal exercise. Ventilation- 
perfusion inequality is increased by exercise and is 
increased further by high altitude. See text for details. 
Redrawn and simplified from [124]
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edema, as peribronchial fluid forms around and 
compresses small airways, leading to air trapping. 
Together, these findings suggest interstitial edema 
as the most likely cause of ventilation-perfusion 
inequality and this is consistent with the increases 
in ventilation- perfusion inequality with rapid simu-
lated ascent described in the preceding paragraph. 
However this is still an area of active investigation 
and by no means a resolved issue (108).

The extent of ventilation-perfusion inequality 
during exercise may also be altered by drugs com-
monly taken for altitude illness. In exercising nor-
moxic horses, a species noted for very high 
exercising pulmonary arterial pressures, chronic 
acetazolamide (Diamox®) administration reduces 
pulmonary transvascular fluid flux [117]. In human 
subjects exercising in normoxia and acute hypoxia, 
acetazolamide has been shown to increase PaO2, 
and decrease the AaDO2 as well the extent of ven-
tilation-perfusion inequality compared to placebo 
[64]. The mechanism for this is speculated to be 
release of hypoxic pulmonary vasoconstriction 
and reductions in pulmonary arterial pressure, 
although other effects of acetazolamide (such as 
diuresis) on the pulmonary circulation cannot be 
eliminated [109]. In keeping with this idea, silde-
nafil, a phosphodiesterase inhibitor that causes 
pulmonary vasodilation, has been shown to reduce 
pulmonary arterial pressure and the AaDO2 with 
an increase in PaO2, in acclimatized subjects 
 exercising at 4,350 m [96] although this is not a 
consistent finding in all studies. However few 
studies report arterial blood gases and importantly, 
ventilation-perfusion inequality has not been 
directly measured in this context.

Thus, ventilation-perfusion inequality as a 
contributor to inefficient gas exchange is likely 
present in most individuals exercising at altitude. 
However as mentioned earlier, the net effect of 
ventilation-perfusion inequality on the AaDO2 
for a given individual will depend on the overall 
location of the lung (i.e., the PAO2) on the oxygen- 
hemoglobin dissociation curve. Figure 4.13 top 
panel shows the effect of exercise on the AaDO2 
attributable to ventilation-perfusion inequality in 
five subjects during a simulated ascent of Mount 
Everest [124]. It can be appreciated that although 
the extent of ventilation-perfusion inequality 

increases markedly, the effect on the AaDO2 
decreases to an even greater extent as more of 
the lung moves on to the steepest part of the 
 dissociation curve. The combined result is that 
ventilation- perfusion inequality contributes almost 
nothing to the exercising AaDO2 by the time the 
summit barometric pressure is reached. Thus, in 
contrast to the resting data, ventilation-perfusion 
inequality is a relatively minor contributor to gas 
exchange inefficiency during exercise at altitude.

Fig. 4.13 The effect of exercise at different barometric 
pressures on the contribution of ventilation-perfusion 
inequality (top) and diffusion limitation (bottom) to the 
AaDO2. At lower barometric pressures, as is the case for 
rest, the contribution of ventilation-perfusion inequality to 
the AaDO2 becomes almost zero; however the contribu-
tion of diffusion limitation becomes increasingly impor-
tant, even at very low rates of oxygen consumption 
elicited in extreme hypobaric hypoxia. Data from [124]
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Diffusion Limitation
It was previously shown in Fig. 4.8 that the con-
tribution from diffusion limitation to the AaDO2 
for a fixed DLO2 increases with increasing eleva-
tion. During hypoxic exercise, the DLO2 would 
be expected to increase above resting values as 
pulmonary capillaries become maximally 
recruited, but this is not sufficient to prevent dif-
fusion limitation. The bottom panel of Fig. 4.13 
shows the amount of the AaDO2 that can be 
attributed to diffusion limitation of oxygen equi-
librium during exercise at various simulated alti-
tudes. It can be appreciated that, in contrast to 
ventilation-perfusion inequality, diffusion limita-
tion becomes an increasingly larger contributor 
to the AaDO2 during exercise, despite an overall 
increase in DLO2. The reason that diffusion of 
oxygen from the alveolus into the blood is 
increasingly problematic at altitude is found in 
characteristics of the oxygen-hemoglobin disso-
ciation curve (see the previous version of this 
chapter [121] for a complete explanation). The 
diffusion of oxygen can be modeled [87] as:
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where PAO2·Pc′O2, and PvO2 are the alveolar, 
capillary, and mixed venous partial pressures of 
O2 respectively, DLO2 is the diffusion capacity of 
the lung for oxygen, βO2 is the instantaneous 
slope of the O2-hemoglobin dissociation curve, 
and Q is cardiac output. As elevation increases, 
the ratio of DLO2/βQ̇ falls since the slope of 
the O2-hemoglobin dissociation curve (i.e., β) 
increases in hypoxia. Thus, diffusion limitation 
becomes a progressively more important contrib-
utor to the AaDO2 the altitude increases. The con-
tribution of diffusion limitation to the AaDO2 
during exercise has been shown to decrease with 
acclimatization [9] compared to acute hypoxia, 
presumably on the basis of reduced Q̇ and a con-
sequent increase in DLO2/βQ̇ Interestingly, in 
addition to the effects on ventilation-perfusion 
matching described above, acetazolamide has 
also been shown to reduce diffusion limitation 
during acute hypoxic exercise, likely by reducing 

β and improving diffusion equilibrium [64], 
although it is unknown if the effect is sustained 
with chronic ingestion at altitude.

 Special Considerations

Although the focus of this review is on pulmo-
nary gas exchange in lowland individuals who 
travel and acclimatize to high altitude, there are 
two additional issues relevant to pulmonary gas 
exchange at altitude worth further discussion: 
Intermittent exposure to hypoxia (either occupa-
tionally or as part of training for athletic competi-
tion) and the effects of lifelong residence at high 
altitude, as these represent opposite ends of the 
exposure spectrum.

 High Altitude Peoples
The exercise performance in hypoxia of high alti-
tude peoples is well documented (see [8, 139] and 
Chap. 19), and investigation of potential mecha-
nisms has attracted considerable interest. It is well 
known that pulmonary function is enhanced in 
lifelong residents of high altitude, who show larger 
lung volumes and increased diffusing capacity for 
carbon monoxide [19, 30, 36]. A substantial diffi-
culty in conducting such research relates to teasing 
out which attributes are a result of lifelong altitude 
residence and which are related to the long-term 
genetic effects of natural selection in a population. 
One approach is to compare genetic lowlanders 
and highlanders, both born and raised at high 
 altitude and compare physiologic responses com-
pared to acclimatized lowland sojourners [15]. 
Interestingly, using this comparison, some high 
altitude Andean Aymara have been shown to have 
a greater oxygen saturation at rest and during exer-
cise than lifelong high altitude resident people of 
European ancestry who did not differ from fully 
acclimatized sojorners born and raised at low alti-
tude [13]. In addition, in a subset of Aymara born 
and raised at low altitude, who showed marked 
desaturation of hemoglobin at high altitude, the 
extent of the decrement was related to the degree 
of genetic admixture [14]. In a similar population, 
the angiotensin converting enzyme insertion  
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deletion polymorphism-I/I allele is associated with 
higher arterial oxygen saturations both at rest and 
during exercise in a manner independent of a rela-
tionship with the hypoxic ventilatory response 
[11]. Thus, this evidence points to a genetic com-
ponent to the maintenance of arterial oxygenation 
at high altitude.

However, the extent of genetic control of SaO2 
at altitude likely varies between high altitude pop-
ulations. There are significant differences between 
Tibetan and Andean populations of high altitude 
peoples, with the result that Tibetans maintain 
higher resting ventilations, lower hemoglobin 
concentrations, and, paradoxically, reduced arte-
rial oxygen saturations compared to Andean pop-
ulations. Of particular note, Tibetans resident at 
high altitude do not show differences in saturation 
from Han Chinese (a lowland population) who 
have been born and raised at high altitude [129]. 
This reduction in SaO2, affecting oxygen delivery 
in Tibetans, is likely compensated for by increased 
capillary density (reviewed in [8]). These pheno-
typic differences, among others, combined with 
population heterogeneity, and therefore more 
genetic variance in Tibetan high altitude peoples 
have lead some authors to suggest that in Tibetan 
populations there is greater potential for ongoing 
natural selection of traits beneficial for high alti-
tude residence [8] than in Andean populations.

 Exposure to High Altitude During 
Growth and Development
In addition to the genetic factors previously dis-
cussed, lifelong residence and hypoxic exposure at 
high altitude has a significant effect on pulmonary 
gas exchange. A series of recent animal experi-
ments have shown that high altitude residence dur-
ing somatic growth and development results in 
increased lung volumes and increased alveolar tis-
sue volume and surface area [59, 79, 140]. These 
changes persist for years after return to low eleva-
tion [60] and are not found in mature animals 
transported to the same elevation for the same 
duration [63]. The effect of high altitude residence 
during early life was to improve pulmonary gas 
exchange in hypoxia, by reducing the portion of 
the AaDO2 due to diffusion limitation, with a  
corresponding increase in arterial oxygenation. 

There was no change in the extent of ventilation- 
perfusion inequality in these animals compared to 
low-altitude controls [60]. Thus these studies iden-
tify high altitude residence during somatic growth 
and development as a powerful stimulus for lung 
growth affecting diffusive oxygen transport in the 
lung. However the effect of high altitude residence 
on lung growth and development may be addition-
ally augmented in Tibetan or Andean peoples [16].

 The Effect of Lifelong High Altitude 
Exposure on Pulmonary Gas Exchange
The net effect of high altitude residence in 
Andean people is to improve the efficiency of 
pulmonary gas exchange compared to acclima-
tized lowlanders [74, 122]. During exercise at 
4,100 m, the AaDO2 is less in high altitude 
Bolivian Aymara compared to acclimatized low-
land controls. Even when these individuals are 
acutely exposed to higher altitudes (5,300 m), 
increased gas exchange efficiency compared to 
lowlanders is still observed [122]. Although the 
effect of acclimatization in lowlanders is to 
reduce the differences between lowlanders and 
high altitude natives, these differences do not 
entirely disappear [74]. The mechanism of the 
reduction in the AaDO2 in lowlanders with accli-
matization is likely as result of more complete 
diffusion equilibrium during exercise as cardiac 
output falls with prolonged exposure to altitude 
improving DLO2/βQ [9]. This improved gas 
exchange efficiency is likely a result of enhanced 
DLO2 as it is not explained by differences in β or 
cardiac output between acclimatized lowlanders 
and Andeans [122] and is consistent with the ani-
mal data described previously. Enhanced arterial 
saturation was not a function of increased exer-
cise ventilation in the high altitude natives as the 
ventilatory equivalent for oxygen was lower in 
the highlanders at the outset and similar between 
groups after the lowlanders acclimatized [74].

 Future Directions

While earlier studies focused on characterizing 
changes in pulmonary function in normal indi-
viduals at high altitude, much of the more recent 
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literature has examined changes in pulmonary 
function as a means to determine whether or not 
individuals develop subclinical pulmonary edema 
upon ascent [31, 85, 101]. This question is an 
important one with implications for advising 
people engaged in climbing, trekking, or other 
pursuits at high altitude but research into this 
question will need to move beyond the use of pul-
monary function testing as surrogate measures of 
the presence of subclinical edema and focus on 
direct measurements that quantify extravascular 
lung water. Beyond this particular question, the 
literature needs to devote more attention to 
changes in pulmonary function in people with 
underlying cardiopulmonary diseases such as 
chronic obstructive pulmonary disease and 
asthma following exposure to acute hypoxia. 
With improvements in the quality of medical 
care, many of these individuals are engaging in a 
wider variety of activities than previously thought 
possible and further information about how pul-
monary function in people with such disease 
changes at high altitude will facilitate better pre-
travel counseling and planning for these groups.

Despite considerable indirect evidence, the 
role in interstitial edema in the development of 
ventilation-perfusion inequality has not been 
definitively established. The longstanding ques-
tions of what causes ventilation-perfusion 
inequality with exercise, and why does the 
extent of ventilation-perfusion inequality 
increase with hypoxic exercise have not yet 
been definitively answered. In light of recent 
work, the effect that intrapulmonary shunting 
has on pulmonary gas exchange and how this is 
affected by hypoxia merits further investigation. 
In particular it will be important to resolve the 
information from gas exchange techniques that 
consistently document only a minimal contribu-
tion to the AaDO2 from intrapulmonary shunt-
ing with data from imaging techniques, showing 
that the passage of agitated saline contrast is 
induced by hypoxia. Finally the degree to which 
genetic and environmental influences interact 
and affect pulmonary function and gas exchange 
in individuals born and raised at high altitude 
both in high altitude native peoples as those of 
lowland ancestry is an unanswered question.
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    Abstract   

 Increased pulmonary vascular resistance (PVR) and pulmonary artery 
pressure (Ppa) upon ascent to high altitude universally occur in humans 
and other mammals, although the magnitude can vary almost fi ve-fold 
among individuals, across species, and with time at altitude from years to 
many generations. The mechanisms that lead to hypoxic pulmonary hyper-
tension are numerous and have differing contributions to the pressure mea-
sured at any one time. The fi rst and best characterized response is acute 
hypoxic pulmonary vasoconstriction (HPV). Its physiologic relevance or 
advantage, if any, in healthy humans moving to altitude remains uncertain, 
but when it is very excessive it can lead within days to high altitude pul-
monary edema (HAPE). Sustained very high Ppa over weeks and months 
can lead to congestive right heart failure of high altitude also known as 
subacute mountain sickness (SMS) or “cor pulmonale or acute right heart 
failure of high altitude”. With longer durations of high pressure in the 
pulmonary circulation there can be within days suffi cient remodelling of 
the vasculature to protect the pulmonary capillaries, hence avoid HAPE, 
and within weeks compensatory changes in the right heart to overcome the 
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higher pulmonary vascular resistance and thus avoid SMS. This condition 
of high altitude pulmonary hypertension (HAPH) is now recognized as a 
maladaptation to long-term residency at high altitude in some but not all 
high altitude populations. In this chapter, we will discuss the different 
aspects of the pulmonary circulation at altitude from the normal physio-
logical response to environmental hypoxia to its contribution to the patho-
physiology of high altitude related diseases and review in depth the work 
of the last decade in these areas.  

        Introduction 

 Increased pulmonary vascular resistance (PVR) 
and pulmonary artery pressure (Ppa) upon ascent 
to high altitude universally occur in humans and 
other mammals, although the magnitude can vary 
almost fi vefold among individuals, across 
 species, and with time at altitude from years to 
many generations. Furthermore, the mechanisms 
that lead to hypoxic pulmonary hypertension are 
numerous and have differing contributions to the 
pressure measured at any one time [ 1 ,  2 ]. The fi rst 
and best characterized response is the von Euler-
Liljestrand refl ex or acute hypoxic pulmonary 
vasoconstriction (HPV). Its physiologic relevance 
or advantage, if any, in healthy humans moving to 
altitude remains uncertain. It has been postulated 
that moderately elevated pulmonary artery 
 pressure (Ppa) optimizes systemic oxygen deliv-
ery by increasing blood fl ow into areas of lung 
with relatively lower blood fl ow, thus recruiting a 
greater fraction of the total alveolar capillary sur-
face area for gas exchange [ 3 ]. Because the mag-
nitude of HPV is so variable and those most 
highly adapted to high altitude (such as natives of 
the Tibetan plateau and high altitude mammals) 
have the least pulmonary hypertension, the argu-
ment is not a very compelling. It would appear 
that the oxygen sensitivity of the lung vasculature 
or HPV evolved along with hypercapnic vaso-
constriction as a mechanism to divert blood fl ow 
away from poorly ventilated lung regions with 
localized airway or airspace pathology in post-
fetal life [ 4 ] as a survival advantage in pneumo-
nia or thoracic trauma, or in very late gestation to 

aid in reducing PVR (i.e., oxygen-dependent pul-
monary vasodilation rather than HPV) with birth 
and assumption of air breathing in order to elimi-
nate the 75–90 % right to left shunting past the 
lungs of venous blood in utero [ 5 ]. 

 An excessive rise in Ppa with high altitude 
exposure is clearly disadvantageous and leads 
either acutely to high altitude pulmonary edema 
(HAPE) [ 6 ,  7 ], (taken up in detail in Chap.   21    ), or 
within weeks or months to congestive right heart 
failure of high altitude also known as subacute 
mountain sickness (SMS) [ 8 ,  9 ]. This latter dis-
ease, which might more appropriately be termed 
“cor pulmonale or acute right heart failure of 
high altitude,” was fi rst described in cattle taken 
to summertime high pastures (>3,000 m) in the 
Rocky Mountains and named “Brisket Disease” 
[ 10 ]. In this chapter, we will discuss the different 
aspects of the pulmonary circulation at altitude 
from the normal physiological response to envi-
ronmental hypoxia to its contribution to the 
pathophysiology of high altitude-related diseases 
and review in depth the work of the last decade in 
these areas.  

    Physiological Response of the 
Pulmonary Circulation at High 
Altitude 

    Acute Hypoxic Pulmonary 
Vasoconstriction 

 HPV is a complex process with elements of its 
expression arising from multiple points in the 
neuro-cardiopulmonary axis, with variation in 
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intensity and mechanisms over time [ 11 ]. In addi-
tion to the intrinsic hypoxic response of pulmo-
nary vessels that can be elicited in isolated 
pulmonary vascular smooth muscle cells and ves-
sels, there are numerous extrinsic modulating 
infl uences sensitive to oxygen in vivo that include 
the vascular endothelium, red cells, chemorecep-
tors, autonomic nervous system, and lung inner-
vation. The response of the pulmonary circulation 
to environmental hypoxia is characterized largely 
by contraction of smooth muscle cells within 
small pulmonary arterioles and veins of a diame-
ter less than 900 μm, the veins accounting approx-
imately for 20 % of the total increase in PVR [ 12 , 
 13 ]. Although it is not generally thought that 
hypoxia acts at the microvascular or acinar level, 
pulmonary capillary endothelial cells respond to 
hypoxia with membrane depolarization [ 14 ]. As 
yet, no evidence has been found for capillary con-
striction [ 15 ] despite evidence that other vasocon-
strictors are active at this level and in surrounding 
parenchymal perivascular cells that contain actin 
and myosin microfi laments [ 16 ]. 

 HPV in intact animals and humans appears to 
be fully expressed within several hours and has 
several temporal components. The fi rst occurs 
with 5 min with a half time of about 90 s Morrell 
et al. [ 17 ]; Deem et al. [ 18 ]; Talbot et al. [ 19 ]. 
A second phase of greater pressure elevation is 
evident and plateaus at 2 h [ 19 ]. In studies of iso-
lated pulmonary arteries, lungs or vascular smooth 
muscle cells a third phase taking upward of 8 h 
has been shown [ 20 ]. The mechanisms behind 
these differing time phases has not been well stud-
ied, but the isolated vessel studies suggest the fi rst 
phase is intrinsic smooth muscle contraction with 
the later phases representing the summation of 
numerous other modulating infl uences acting on 
the smooth muscle [ 11 ] as discussed below. All of 
these differing hypoxic responses are fully and 
immediately reversible with return to normoxia. 

 In contrast, with sustained hypoxia there is 
remodeling of the vasculature with hypertrophy 
of smooth muscle and endothelial hyperplasia 
that leads to more fi xed resistance to blood fl ow 
and a relative loss of acute hypoxic sensitivity as 
will be discussed below.  

    HPV at the Level of the Vascular 
Smooth Muscle 

 There are several mechanisms involved in HPV 
that are activated in parallel or sequentially, lead-
ing to the critical increase of intracellular calcium 
and/or an enhanced calcium sensitivity of the 
actin-myosin that initiates contraction [ 2 ]. 
Intracellular calcium concentration is increased by 
hypoxia-mediated inhibition of several potassium 
channels, leading to membrane depolarization and 
extracellular calcium entry through L-type chan-
nels, and a release of calcium from the sarcoplas-
mic reticulum (SR), with consequent further infl ux 
through store-operated calcium channels (SOCC). 
In addition, sensitivity to calcium of the contrac-
tile elements is enhanced via a hypoxia-induced 
increase in Rho-kinase activity [ 21 ]. The change 
in oxygen tension that stimulates these compo-
nents of HPV is signaled by an alteration in the 
redox status of the smooth muscle cells [ 2 ,  11 ,  22 , 
 23 ]. Whether an increase or a decrease of reactive 
oxygen species (ROS) is responsible for HPV sig-
nal transduction is still under debate, but a strong 
case is emerging that hypoxia increases mitochon-
drial ROS generation (see Chap.   1    ) as an upstream 
signal for HPV. It is clear that high altitude 
 exposure increases stable circulating markers of 
ROS production and persons with higher HPV 
appear to generate more ROS and less bioactive 
NO species across the lung [ 24 ].  

    Endothelium-Dependent Modulation 
of HPV 

 The pulmonary vascular endothelium generates a 
variety of vasoactive mediators that act in a para-
crine fashion on the surrounding vascular smooth 
muscle cells. These include nitric oxide and pros-
tacyclin as vasodilators and endothelin-1 as both 
a vasoconstrictor via binding to endothelin A 
receptors and a vasodilator by binding to endothe-
lin B receptors causing NO release. Isolated 
human PA endothelial cells exposed to 3 % oxy-
gen produce more hydrogen peroxide and thus 
may also be a source for ROS that initiate HPV 
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[ 25 ]. The endothelium also produces carbon 
monoxide (CO) via heme-oxygenase-2 [ 26 ], 
which is up-regulated by hypoxia [ 27 ]. CO dilates 
vessels by activating guanylate cyclase to gener-
ate cyclic GMP in a manner similar to NO. 
Hydrogen sulfi de (H 2 S), a strong reducing agent, 
generated in hypoxia is vasoconstricting in the 
pulmonary circulation by several as yet not fully 
quantifi ed mechanisms [ 28 ]. It should be noted 
that many of these “gaso-transmitters” alter the 
concentrations of each other, making it diffi cult to 
assess the contribution of each to HPV  modulation 
[ 29 ,  30 ]. 

 As mentioned above, pulmonary microvascu-
lar endothelial cells respond to hypoxia with 
membrane depolarization. Wang et al. [ 14 ] have 
suggested that the capillary vascular endothelium 
owing to its intimate proximity to alveolar gas is 
the site where rapid and effi cient oxygen sensing 
occurs to initiate HPV. They propose that their 
membrane depolarization is propagated in a ret-
rograde fashion to the upstream resistance ves-
sels via inter-endothelial cell connexin    
40-dependent gap junctions. The evidence for 
this novel concept is supported by lesser HPV, 
and greater V/Q mismatching and hypoxemia 
when connexin 40-defi cient mice are exposed to 
hypoxia or regional ventilation reduction.  

    Erythrocyte-Dependent Modulation 
of HPV 

 Red cells may contribute to HPV and pulmonary 
pressures in several ways. Although hypoxia- 
mediated decrease in deformability might reduce 
fl ow and increase measured vascular resistance 
[ 31 ,  32 ], direct measurements of human and 
other mammalian red cells over a range of PO 2  
from 120 to 47 mmHg show no evidence of sig-
nifi cant deformability changes with hypoxia [ 33 ]. 
With elevations in hematocrit with altitude, pul-
monary vascular pressures increase partly due to 
increased blood viscosity and direct increases in 
lung vascular resistance as shown by hemodilu-
tion studies at high altitude in patients with 
chronic mountain sickness (CMS) [ 34 ] and in 
animal studies [ 35 ]. Red cell-mediated changes 

in PVR with hypoxia represent a balance between 
those effects that are vasodilating and others that 
are vasoconstricting. Direct endothelial cell NO 
scavenging by oxyhemoglobin HPV [ 36 ] and 
ROS generation by hypoxic red cells [ 37 ] will 
enhance HPV. In contrast the oxylabile behavior 
of red cells and hemoglobin that lead to vasodi-
lating s-nitrosothiol release [ 38 ] and NO genera-
tion from nitrite with hemoglobin desaturation 
[ 39 ] will blunt HPV. Additionally deoxygenated 
red cells also release ATP which activates endo-
thelial cell NO production via purinergic receptor 
binding [ 40 ] and so act in a vasodilating fashion. 
Thus parallel with the various and sometimes 
competing interactions of endothelial cell vaso-
active mediators on HPV, the contribution of red 
cells is similarly complicated and the net result 
on PVR may vary depending on the degree and 
duration of hypoxia.  

    Neurohumoral-Dependent 
Modulation of HPV 

 The lung vasculature is innervated by sympa-
thetic noradrenergic fi bers from the large conduit 
arteries and veins down to 50 μm vessels in larger 
species such as man and dogs, but much less so in 
smaller species [ 41 ]. In addition to the release of 
norepinephrine with sympathetic activation caus-
ing vasoconstriction via alpha-1 adrenergic 
receptors on vascular smooth muscle, other 
opposing vasodilating neurotransmitters such as 
neuropeptide Y and vasoactive intestinal peptide 
can be released [ 41 ]. Additionally there is oppos-
ing vasodilating parasympathetic innervation that 
is NO dependent [ 42 ]. Hypoxia, sensed at the 
peripheral chemoreceptors which project affer-
ents to the medullary cardiovascular control areas 
in the brain stem in addition to the respiratory 
control center, activates both parasympathetic 
and sympathetic outfl ow to the lung. Denervation 
of the carotid bodies and loss of afferent input 
from the peripheral chemoreceptors increases 
HPV [ 43 ,  44 ]. The efferent arc of this response is 
not well defi ned but is conveyed by the vagus 
nerve because vagotomy reduces HPV [ 45 ,  46 ]. 
Studies using atropine and propranolol suggest 
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that vasodilating parasympathetic activity is more 
dominant than sympathetic activity in HPV inhi-
bition [ 46 ,  47 ]. Other data suggest a stronger 
sympathetic contribution [ 48 ]. However, not all 
studies fi nd evidence for neural modulation of 
HPV [ 49 ,  50 ]. The reason for this discrepancy is 
not clear, but those studies fi nding no effect on 
HPV have employed receptor blocking drugs 
rather than neural pathway interruption. It is 
entirely possible that peripheral chemoreceptor- 
mediated modulation of HPV may involve other 
neurotransmitter release via the lung innervation 
besides catecholaminergic or cholinergic agonists 
as described above. In humans, the fi nding that a 
stronger hypoxic ventilatory response (almost 
wholly a peripheral chemoreceptor- mediated 
response) is associated with weaker HPV sup-
ports the majority of the animal work [ 51 ]. 

 Given that persons with exaggerated HPV are 
at greatest risk for HAPE [ 52 ], it would be inter-
esting to determine which of the many processes 
contributing to HPV are most important in this 
subset of vulnerable people. In regard to neuro-
humoral mediation of HPV, HAPE-susceptibility 
may stem from greater generalized sympathetic 
nervous system activation to hypoxia [ 53 ,  54 ]. 
Furthermore owing to lesser hypoxic peripheral 
chemoreceptor responsiveness [ 55 ,  56 ], HAPE- 
susceptible subjects will breathe less at any given 
altitude or ambient PIO 2 . As a result they will 
have lower alveolar, bronchial arterial, and mixed 
venous PO 2,  all of which set the PO 2  sensed by 
the pulmonary vasculature, although alveolar 
PO 2  is most dominant [ 11 ]. 

 The pulmonary vasculature expresses adrener-
gic and cholinergic receptors, as well as other 
receptors, such as for thyroxine angiotensin, ade-
nosine, natriuretic peptides, and estrogen, to 
name only a few. Thus it can respond to circulat-
ing vasoactive mediators with dilation by epi-
nephrine via beta-2 receptors [ 41 ], estrogens [ 57 ] 
and natriuretic peptides [ 58 ], and constriction 
with angiotensin [ 59 ], adenosine [ 60 ] and thyrox-
ine [ 61 ]. The full neurohumoral response of the 
lung vascular response to hypoxia is often 
neglected in discussions of HPV, and while 
admittedly diffi cult to study, better understanding 
is much needed.  

    Other Modulating Infl uences on HPV 

 In addition to the many mechanisms involved in 
the control of pulmonary vascular tone in the 
hypoxic environment; individual genetic back-
ground [ 62 ,  63 ], a history of familial susceptibil-
ity [ 64 – 66 ], and environmental factors such as 
cold, intensity of exercise activity and other 
stressors [ 52 ] (Fig.  5.3 ) also contribute. pH status 
and carbon dioxide have a considerable infl uence 
on HPV with alkalosis and hypocapnia both 
diminishing HPV in animals and humans [ 67 ]. 
Lastly, with even low-grade infection or infl am-
mation circulating and locally produced infl am-
matory products such as leukotrienes, 
thromboxane, and cytokines, such as tumor 
necrosis factor, interleukin-6 [ 68 – 71 ], or activa-
tion of their receptors in the vasculature [ 72 ] 
appear to modulate HPV (both negatively and 
positively) in animal studies, although there are 
no studies on humans. Sepsis leads to order of 
magnitude increases in NO production by up- 
regulation of the inducible NO synthase isoform 
[ 73 ] with virtual suppression of HPV.

         Hypoxia Inducible Factors and HPV 

 The study of HPV continues to identify new 
sensing, signaling and effector mechanisms an 
pathways; the most recent is the role of hypoxia 
inducible factors (HIFs) (discussed in Chaps.   1     
and   2    ). Iron is emerging as a critical element in 
HPV and pulmonary vascular changes with 
hypoxia. Iron supplementation and iron chelation 
reduce and increase HPV respectively [ 74 ,  75 ], 
possibly via altered HIF metabolism [ 76 ] involv-
ing prolyl hydroxylases, the O 2  sensitive enzymes 
that degrade HIF and require iron. In two rat 
strains with differing pulmonary hypoxic 
responses, HIF-1 activity, and HIF-mediated pro-
tein expression were higher in the strain with 
greater pulmonary hypertension [ 77 ]. In contrast, 
mice with heterozygous HIF 1-alpha defi ciency 
have weaker acute and chronic hypoxic responses 
in isolated pulmonary vascular smooth myocytes 
and pulmonary vessels than wild-type mice [ 78 , 
 79 ]. Interestingly, carotid body sensitivity to 
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hypoxia in these same HIF 1-alpha defi cient het-
erozygote mice is depressed [ 80 ], although this 
does not appear to diminish the hypoxic ventila-
tory response. Further supporting pharmacologi-
cal evidence for HIF-1alpha mediation of HPV 
was demonstrated in mice by reduction in 
hypoxic pulmonary hypertension [ 81 ] and with 
increased ventilation in humans during hypoxic 
exercise [ 82 ] with digoxin, a known inhibitor of 
HIF-1alpha transcriptional activity [ 83 ]. At pres-
ent it is not clear how HIF-dependent gene tran-
scription affects HPV, but it likely involves 
alterations in pulmonary vascular smooth muscle 
calcium signaling [ 81 ].   

    Chronic Hypoxic Vasoconstriction 
and Remodeling 

 With chronic high altitude exposure of many 
weeks to years lung vasculature resistance 
increases and there is a loss of immediate vasore-
laxation to oxygen [ 84 ]. Medial hypertrophy of 
pulmonary arteries is the characteristic histologi-
cal pattern of chronic pulmonary hypertension of 
high altitude [ 85 ]. Vascular remodeling with ves-
sel hypertrophy is due to an inhibition of the nor-
mal rate of apoptosis and greater stimulation of 
endothelial and smooth muscle proliferation. 
Hypoxia-mediated inhibition of potassium chan-
nel activity and increase in cytosolic potassium 
and calcium concentrations which fi gure promi-
nently in acute HPV persist and participate in 
proliferative signaling. 

 Each of the several cell types in the vascula-
ture (endothelial, smooth muscle, and adventitial 
fi broblast) undergo temporal- and location- 
specifi c changes in proliferation, extracellular 
matrix production, growth factor, and cytokine 
expression [ 86 ]. Furthermore, the vasculature 
may contain progenitor cells that arise from the 
vessel itself or migrate in out of a pool of circu-
lating progenitor cells. Additionally, circulating 
monocytic leukocytes and mononuclear fi bro-
blasts are recruited into the vessel wall by che-
motactic signals generated by hypoxia such as 
endothelin-1, monocyte chemoattractant protein-
 1, vascular endothelial growth factor-A and 

tumor growth factor-B, and there exert paracrine 
proliferative effects on resident vessel wall cells 
[ 87 ,  88 ]. ROS [ 89 ,  90 ] and other pro- infl ammatory 
mediators generated by hypoxic cells appear to 
be central in signaling a reinforcing cascade of 
gene transcription and growth factor release [ 91 ]. 
Nuclear factor of activated T cells isoform 3 
(NFATc3), which is activated by ET-1 binding to 
endothelin receptor-A and Rho kinase, is another 
transcription factor that drives pulmonary vascu-
lar smooth muscle hypertrophy. Its down- 
regulation by gene deletion in mice reduces 
pulmonary artery wall thickness with intermittent 
and chronic hypoxia [ 92 ,  93 ]. 

 HIF-signaling may contribute to this pro- 
infl ammatory and proliferative state, because in 
addition to its role in hypoxic survival, HIF drives 
gene transcription of many infl ammatory pro-
teins [ 94 ]. This may in part involve HIF-mediated 
up-regulation of newly discovered micro RNAs 
or hypoxamirs, which regulate the expression of 
a large number of genes involved in growth con-
trol (both positive and negative) of pulmonary 
endothelial and smooth muscle cells. In 
cell  studies with hypoxia, these include miRNA-
210 [ 95 ] miRNA-328 [ 96 ], miRNA-21 [ 97 ], 
miRNA-17 [ 98 ]. Single-stranded complementary 
DNA antagonists of miRNA-17, miRNA-21 
(antagomirs), or overexpression of miRNA-328 
in mice reduce pulmonary artery hypertension in 
chronically hypoxia [ 96 – 98 ]. Beyond a single 
study of climbers ascending to just over 8,000 m 
in which a variety of miRNAs were altered in 
blood [ 99 ], including miRNA-21, little is known 
about these hypoxamirs in humans, but given 
their ubiquity across the animal kingdom, it is 
likely that they play a role in HPV and high alti-
tude pulmonary hypertension (HAPH) in humans 
and may represent therapeutic targets. Lending 
overall support to the critical role of HIF and its 
up-regulation with hypoxia on HPV; mice that 
are heterozygously defi cient for HIF-2 alpha 
[ 100 ]; and HIF-1 alpha [ 78 ,  79 ] develop less vas-
cular remodeling and pulmonary hypertension 
with chronic hypoxia. Additionally, humans with 
a HIF-2 alpha gain of function mutation have 
greater HPV and slightly higher normoxic pul-
monary pressures than controls [ 101 ].  
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    Pulmonary Hemodynamics 
in Humans at High Altitude 

 In healthy lowlanders at altitudes between 3,800 
and 4,600 m, invasively assessed resting mean 
pulmonary artery pressure (Ppa) ranges between 
15 and 35 mmHg (average 25 mmHg) and the 
systolic Ppa between 27 and 48 mmHg (average 
37 mmHg) [ 102 – 104 ] (Fig.  5.1 ). Mean Ppa at 
altitudes above 5,000 m during exposure in a 
hypobaric chamber (Operation Everest II) in 
healthy and partially acclimatized volunteers was 
24 mmHg at 6,100 m (barometric pressure 
347 mmHg) and 34 mmHg at 7,620 m 
(282 mmHg). At both altitudes physical exercise 
signifi cantly increased mean Ppa to 41 and 
54 mmHg respectively [ 84 ]. 

 Mean resting Ppa has been reported to be low-
est in Tibetans compared to high altitude Han 
Chinese residents, South- and North-American 
natives (Fig.  5.1 ). At similar altitudes between 
3,658 and 3,950 m mean Ppa was on average 
14 mmHg in Tibetans of Lhasa, 28 mmHg in Han 
Chinese residents of the Qinghai Province [ 105 ] 
and 20 mmHg among natives of South America 
[ 106 ]. In Leadville, Colorado mean Ppa in 28 
healthy men living at 3,100 m averaged 25 mmHg 
[ 107 ]. The absence of highly muscularized pul-
monary arterioles in natives of Ladakh, India 
[ 108 ] and some but not all natives of the Andes 
[ 109 ] fi ts well with the data on Ppa. All these 
fi ndings are indicative of a likely evolutionary 
genetic adaptation (down-regulation) of hypoxic 
pulmonary vasoreactivity among populations 

  Fig. 5.1    The fi gure shows individual mean pulmonary 
artery pressure (Ppa) values of sea level residents and high 
altitude residents (3,500–4,300 m) in the Himalayas and in 
South America. In its  left panel  we report the mean Ppa 
values of healthy natives [ 105 ,  106 ] and  right panel  values 
of low altitude residents susceptible to HAPE [104, 167] 

and residents of high altitude with right heart failure of high 
altitude [ 123 ,  134 ]. The  −  indicates median Ppa value for 
each individual group of subjects. The fi gures indicate that 
subjects susceptible to high altitude pulmonary edema 
(HAPE) and chronic mountain sickness (CMS) have signifi -
cantly higher Ppa values compared to a control population       
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living at different altitudes for different periods 
of time.  

    High Altitude Pulmonary 
Hypertension 

 HAPH in residents of high altitude has been 
defi ned in a consensus statement as a clinical con-
dition above 2,500 m associated with a mean Ppa 
of more than 30 mmHg or a systolic Ppa above 
50 mmHg measured at the altitude of residence 
[ 110 ]. It should be noted that no distinction in this 
defi nition was made for the actual altitude of resi-
dence except to exclude those living below 
2,500 m. Because pulmonary artery pressures 
increase with higher altitude, these thresholds will 
progressively overestimate true pulmonary vascu-
lar pathology at greater altitudes. Not included 
also within this defi nition are residents of low alti-
tude developing either HAPE within the fi rst days 
at high altitude, high altitude congestive right 
heart failure SMS after several weeks at high alti-
tude, or those with excessive erythrocytosis or 

CMS, which is discussed later in the chapter and 
more fully in Chap.   22    . Since invasive pulmonary 
hemodynamic measurements clearly indicate that 
in HAPE-susceptible persons mean Ppa at alti-
tudes above 3,000 m exceeds 30 mmHg [ 104 , 
 111 – 116 ] Fig.  5.1  and that this is likely true for 
persons developing SMS [ 117 ], we think it rea-
sonable to include HAPE and SMS as clinical 
conditions associated with HAPH. In the follow-
ing sections we will refer to HAPH in the low-
lander and resident of high altitude and illustrate 
their possible common pathophysiological mech-
anisms. Figure  5.2  shows the spectrum of HAPH 
from acute exposure to high altitude leading to 
HAPE within a few days, to longer exposure caus-
ing SMS and right heart failure in several weeks to 
more chronic exposure also causing right heart 
failure (high altitude heart disease) in newcomers 
to altitude, and to CMS in high altitude natives 
(those born and raised at high altitude). 

 In conclusion elevated pulmonary artery pres-
sure in persons with HAPH may be initially the 
result of an imbalance between vasoconstrictors 
and vasodilators of the pulmonary circulation 

  Fig. 5.2    The fi gure illustrates the relationship between 
exposure to high altitude and the diagnosis of high altitude 
pulmonary hypertension (HAPH)-associated diseases, 
which are HAPE, infantile and adult subacute mountain 
sickness (SMS), high altitude heart disease (Asia) and 

CMS. The major clinical fi ndings of the different diseases 
are summarized in the lower part of the fi gure. It is of note 
that CMS may present with and without HAPH. Excessive 
erythrocytosis, hypoventilation, and severe hypoxemia are 
characteristic signs of CMS       
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increasing vascular resistance. With more sus-
tained hypoxia some of these same mediators 
along with multiple other signaling and effector 
mechanisms initiate and sustain a remodeling of 
the pulmonary vascular bed to further increase 

PVR. As depicted in Fig.  5.3  these events in some 
lead to HAPE with acute exposure and right heart 
failure with more chronic exposure to high alti-
tude. Reversibility of increased PVR several 
weeks after return to low altitude underlines the 

  Fig. 5.3    The fi gure illustrated the common pathophysiolog-
ical mechanism between HAPE and right heart failure of 
high altitude. An excessive hypoxic pulmonary vasocon-
striction (HPV) leading to an out of proportion increase in 

pulmonary artery pressure (Ppa) at high altitude is the com-
mon denominator between these high altitude diseases. 
Different genetic factors, individual susceptibility, and envi-
ronmental factors may be at the origin of the excessive HPV       
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concept that HAPH results from the inability of 
some individuals to adapt to chronic hypoxia. 

    In Lowlanders After Brief High 
Altitude Exposure (HAPE) 

 Since the fi rst hemodynamic measurements per-
formed in patients admitted to hospital with 
HAPE it has been shown that this condition is 
associated with elevated pulmonary artery pres-
sure [ 111 – 116 ]. In these early studies mean Ppa 
was on average 49 mmHg, but ranged from 14 to 
117 mmHg. This variability may be explained 
by differing altitude of occurrence, frequent 
evacuation to lower altitude at time of diagnosis, 
and treatments with diuretics and/or oxygen. In 
a prospective hemodynamic evaluation of 
HAPE- susceptible subjects after rapid ascent to 
4,559 m within 24 h, we found that mean Ppa 
was on  average 42 mmHg (range 36–51 mmHg) 
in  subjects who developed pulmonary edema 
and 33 mmHg (range 28–42 mmHg) in those not 
developing HAPE during their stay at high alti-
tude [ 104 ]. In our study as well as in other previ-
ous investigations, invasive hemodynamic 
measurements performed at high altitude con-
sistently show that left atrial pressure, as 
assessed by transient segmental pulmonary 
artery occlusion (pulmonary artery wedge pres-
sure) is normal both in healthy subjects and in 
those with HAPE. These results effectively rule 
out any element of left sided ventricular dys-
function as a cause for elevated pulmonary 
artery pressure.  

    In Newcomers After Prolonged 
Exposure (SMS) 

 Indirect evidence for elevated pulmonary artery 
pressure and SMS has been found in infants of 
Han Chinese descent born at low altitude, who 
died after an average of 2 months residence in 
Lhasa [ 8 ] and in Indian soldiers, who failed to 
acclimatize at the very high altitudes of 5,800–
6,700 m [ 9 ]. In infants, autopsy revealed massive 
hypertrophy and dilatation of the right ventricle, 
dilatation of the pulmonary trunk, extreme medial 
hypertrophy of the muscular pulmonary arteries 
and muscularization of the pulmonary arterioles 
[ 8 ]. In Indian soldiers, clinical features compati-
ble with acute congestive right heart failure 
developed between week 3 and 22, on average 
11 weeks after they were stationed at altitudes 
between 5,800 and 6,700 m [ 9 ]. Before trekking 
to their posts at extreme altitude, the soldiers had 
acclimatized for 1 week at 3,000 m and then 1–3 
weeks at altitudes between 3,000 and 4,500 m. 
After airlift to low altitude, clinical examination 
revealed tachypnea, tachycardia, jugular venous 
distension, hepatic enlargement, and ascites. 
Echocardiography confi rmed enlargement of the 
right ventricle and showed normal left ventricular 
dimensions and ejection fraction. On admission, 
mean Ppa was on average 26 mmHg at rest and 
increased to 40 mmHg (see table 5.1) during mild 
exercise. After 12–16 weeks mean Ppa decreased 
on average to 16 mmHg. Pulmonary artery occlu-
sion pressure was within normal range 
(Table  5.1 ). There was no severe hypoxemia and/
or excessive polycythemia in these soldiers.

   Table 5.1    Pulmonary hemodynamics in adult patients with subacute mountain sickness   

 On admission  After 12–16 weeks 

 At rest  At peak exercise  At rest 

 Heart rate (beats.min −1 )  63 ± 10  99 ± 14*  70 ± 12 
 Cardiac Index (l.min −1 .m 2 )  3.15 ± 0.69  5.28 ± 1.15*  3.59 ± 0.68*** 
 Mean Ppa (mmHg)  26 ± 4  40 ± 8*  16 ± 3* 
 Pra (mmHg)  8 ± 4  16 ± 13**  2 ± 2* 
 Ppao (mmHg)  11 ± 4  13 ± 5  8 ± 2*** 
 PVR (dyn.sec.cm −5 )  273 ± 197  268 ± 90  107 ± 38* 

  The results in the table were obtained from Anand I. S. et al. [ 9 ]. Patients ( n  = 21) were 
exercised on a treadmill to maximum symptom-limited exertion (Bruce protocol). Results 
are given as mean ± SD 
 * p  < 0.001, ** p  < 0.01, *** p  < 0.05 vs. value at rest on admission  
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   Taken together, these studies suggest that in 
lowlanders excessive pulmonary hypertension is 
not a transient phenomenon and may continue 
with remodeling of the small weakly muscular-
ized and nonmuscular pulmonary vessels within 
hours of exposure to hypoxia [ 118 – 121 ]. Thus 
gradual ascent to high altitude may lead to a more 
homogeneous distribution of HPV and protection 
of pulmonary capillaries from elevated pressure 
and fl ow, so that the possibility of HAPE is only 
an early risk. However, when exaggerated pro-
nounced thickening of the pulmonary artery 
media occurs, PVR increases enough to engender 
right ventricular failure. 

 Right heart failure or cor pulmonale may occur 
in lowlanders within a few weeks or months after 
ascent to high altitude [ 8 ,  117 ,  122 ]. The consid-
erable dilatation and hypertrophy of the right ven-
tricle seen with echocardiography [ 123 ] and 
autopsy [ 8 ,  123 ], without any hemodynamic evi-
dence of left ventricular failure, clearly  indicate 
that the clinical symptoms and signs observed 
within weeks and months after exposure to high 
altitude are independent of age and due to failure 
of the right ventricle secondary to HAPH. 

 Additional factors may also contribute to the 
development of right heart failure of high alti-
tude. In both Indian soldiers with and without cor 
pulmonale exposure to altitudes above 5,800 m 
increased total body water and sodium [ 9 ,  124 ]. 
In the latter group exposure to extreme altitude 
decreased the effective renal blood fl ow and 
increased plasma norepinephrine and aldosterone 
concentrations, while renin plasma activity did 
not change [ 124 ]. These fi ndings suggest that 
activation of the neurohumoral system may con-
tribute to edema and ascites formation in subjects 
susceptible to acute right heart failure of high 
altitude. In Indian soldiers polycythemia was 
moderate (averaged hemoglobin concentration 
<20 g/dL) and hence unlikely to be an important 
factor in this setting.  

    In Highlanders Returning from low 
Altitude (re-Entry HAPE) 

 HAPE is not only confi ned to lowlanders after 
rapid ascent to high altitude, but has also been 

reported in residents of high altitude returning to 
their homes after days or weeks at low altitude. Of 
113 high altitude residents developing HAPE after 
reascent 10 % spent less than 7 days, 55 % 14–20 
days and 19 % more than 27 days at low altitude 
(ref). Re-entry HAPE has also been described in a 
Tibetan with CMS after a sojourn of 12 days at 
low altitude [ 125 ]. Susceptibility for re-entry 
HAPE appears to run in families and affect pre-
dominantly children [ 126 ]. Studies from Leadville, 
Colorado have shown that children descending to 
Denver, Colorado developed re-entry HAPE after 
staying only 3–6 days at low altitude [ 65 ]. 
Hemodynamic measurements in Denver (1,600 m) 
showed, compared to controls matched for age 
and residency, that in these HAPE-susceptible 
children mean Ppa was higher while breathing 
ambient air (22 vs. 16 mmHg) and even more in 
hypoxia (56 vs. 18 mmHg) [ 127 ].  

    In Highlanders: Idiopathic 
or Associated with CMS 

 An incomplete transition from the fetal to mature 
pattern of pulmonary circulation in newborns at 
high altitude or a loss of acclimatization while liv-
ing at high altitude are possible mechanisms lead-
ing HAPH in natives of high altitude [ 85 ,  128 ]. 
Infants born at altitudes between 3,500 and 
4,500 m may show persistence of near systemic- 
like Ppa values for several weeks following birth 
[ 129 ]. There is evidence that at least in some cases 
elevated Ppa persist during infancy [ 130 ,  131 ] 
leading, within the fi rst few months of life, either 
to cor pulmonale with fatal right heart failure [ 8 ] 
or to a compensated chronic pulmonary hyperten-
sion of high altitude in adulthood with the typical 
histological pattern [ 132 ,  133 ]. Pulmonary hemo-
dynamic features of such patients were reported in 
natives of the Andes [ 134 ], most of them exam-
ined at an altitude of 4,300 m, and Han Chinese 
who developed the disease after having lived 
between 11 and 36 years in Lhasa (3,658 m) 
[ 123 ]. Mean Ppa averaged 45 mmHg in South 
Americans and 40 mmHg in Han Chinese 
(Fig.  5.1 ). The right atrial pressure, pulmonary 
artery occlusion pressure (wedge pressure) and 
cardiac output were within normal in both patient 
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groups. Recent echocardiographic examinations 
performed on high altitude residents of Cerro del 
Pasco with CMS confi rm these results and indi-
cate that these patients have usually normal left 
ventricular function [ 135 ]. Whether increased Ppa 
is a cause or a consequence of the disease has not 
been established. 

 Development of right heart failure or cor pul-
monale may occur in residents of high altitude of 
different ethnic origin in Tibet [ 123 ,  128 ,  131 ], 
Kyrgyzstan [ 136 ] and the Andes [ 85 ]. The con-
siderable dilatation and hypertrophy of the right 
ventricle seen with echocardiography [ 135 ,  137 ] 
and at autopsy [ 8 ,  123 ], without evidence of left 
ventricular failure, indicate that long term expo-
sure to high altitude in all these different popula-
tions are independent of age and due to failure of 
the right ventricle secondary to HAPH. 

 Patients with CMS or Monge’s disease (see 
Chap.   22    ) generally have a milder degree of pul-
monary hypertension of CMS than the popula-
tions described above and it is not certain that 
this condition should necessarily be considered 
a variant of HAPH. The high pulmonary pres-
sures are in part due to the high viscosity of 
polycythemic blood [ 138 ]. This has been dem-
onstrated by hemodilution studies in CMS 
patients where considerable reductions in Ppa 
and PVR are observed [ 34 ,  139 ]. Applying the 
21 % decrease in PVR found by [ 34 ] following 
a 16 % reduction in hematocrit (from 65 to 
54 %) to the recent data of Groepenhoff et al. 
[ 140 ] in which a group of healthy high altitude 
controls were also studied (Hct 72 vs. 54 %), 
yields an almost equivalent PVR in the CMS 
patients to the controls after this correction. A 
similar fi nding is revealed using the data of 
Hoffman et al. [ 138 ]. Right heart failure is not 
omnipresent in patients with CMS [ 110 ,  128 , 
 140 – 142 ] and appears to occur only as a much 
later manifestation of the disease after many 
years (Fig.  5.2 ). In fact, patients with CMS and 
much greater pulmonary hypertension and right 
heart failure may simply constitute those at the 
far right hand of a broad distribution of hypoxic 
pulmonary artery pressures, such as is seen in 
lowlanders [ 143 ].   

    Genetic Basis of High Altitude 
Pulmonary Hypertension 

 A genetic background for susceptibility to HAPH 
is largely assumed by studies in patients with 
HAPE (reviewed in Chap.   21    ) as suggested by 
anecdotal observations that HAPE runs in fami-
lies [ 64 – 66 ] and more recently by candidate gene 
analyses, particularly involving genes encoding 
for NO, endothelin, and the renin-angiotensin 
system. Nonetheless, Ppa is lowest in Tibetans 
when compared to other populations resident at 
high altitude [ 85 ,  142 ,  144 ] and evidence is accu-
mulating that with the same degree of inspired 
hypoxia residents of low altitude have lower 
exhaled NO concentrations compared to those 
living at high altitude [ 145 ,  146 ]. The higher 
endogenous NO production found in Ladakhi 
natives [ 147 ] and Sherpas living at high altitude 
[ 148 ] is attributed to an overrepresentation of the 
wild-type alleles G and 4b in the gene for endo-
thelial nitric oxide synthase (eNOS) and linked to 
the observation that the combination of the wild- 
type genotypes GG and BB were associated high 
altitude adaptation. However, these results seem 
to be confi ned to a population of Asian-Indian 
origin. By contrast, in high altitude Amerindian 
natives eNOS gene polymorphism was not found 
to be associated with residency at high altitude or 
CMS [ 63 ]. The 287 bp Ala insertion (I)/deletion 
(ID) polymorphism of the ACE gene has been 
studied in several populations. An overrepresen-
tation of I allele (genotypes II and I) was found in 
Kyrgyz highlands subjects with is associated 
with HAPH [ 136 ]. This observation could not be 
confi rmed in the Andes where, compared to low-
landers of the same area, the genotype II and I 
were overrepresented in both high altitude resi-
dents without and with CMS [ 63 ,  149 ]. In 
Amerindians the I/I genotype was associated 
with good athletic performance and the ability to 
maintain high arterial oxygen saturation while 
altitude increases and the D/D genotype with 
higher hemoglobin levels [ 63 ,  149 ]. Other poly-
morphisms of genes that might modify HPV have 
been also investigated: angiotensin receptor-1 
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and 2, endothelin-1, vascular endothelial growth 
factor, and BMPR-2 gene. However none of them 
were found to be related to HAPH [ 150 – 153 ]. 

 It must be appreciated that the power of these 
association studies to defi nitively address possible 
causation is severely limited by the small numbers 
of subjects in every report. The only studies with 
more adequate power are three independent inves-
tigations that fi nd a polymorphism in the HIF-
2alpha gene is much more expressed in Tibetans, 
who as group have lower pulmonary artery pres-
sures, greater NO production and lower hemato-
crits [ 154 ]. Finally, we cannot exclude that 
variance between populations of different ethnic 
origin may simply refl ect differences in adaptation 
due to the duration of time that these populations 
have resided in the mountains.  

    Prevention and Treatment of High 
Altitude Pulmonary Hypertension 

 There are no well-established treatments for pul-
monary hypertension of high altitude in addition 
to descent. In residents of low altitude with 
HAPE, in which treatment is discussed in Chap. 
  21    , Ppa normalizes within days after descent to 
low altitude [ 114 ]. In those with SMS, symptoms 
resolve within weeks at sea level [ 9 ]. In residents 
of high altitude who migrate to low altitude 
because of right heart failure and/or CMS, symp-
toms resolve and Ppa normalizes within weeks of 
residency at low altitude [ 155 ]. These results sug-
gest that HAPH is a relatively benign disease, 
which resolves spontaneously when environmen-
tal hypoxemia is relieved. 

 However, there are patients with HAPH who 
may not want to descend to live at low altitude. In 
these circumstances HAPH can be reduced or 
treated by the use of pulmonary vasodilators. In a 
series of children with re-entry HAPE and per-
sisting HAPH weeks after HAPE resolution while 
residing at an altitude of 3,050 m, treatment with 
the calcium channel blocker diltiazem signifi -
cantly decreased Ppa and improved exercise tol-
erance [ 156 ]. In residents of high altitude with 
and without CMS, partial reversibility of elevated 

Ppa with nifedipine at the altitude of La Paz 
(3,600 m) was successful in 23 of 31 high altitude 
residents with moderate to severe pulmonary 
hypertension without signs of right heart failure 
[ 157 ]. More recently, the phosphodiesterase 5 
inhibitor, tadalafi l, has been successfully used in 
the treatment of HAPH [ 158 ]. However, because 
of limited experience and the occurrence of head-
ache [ 159 ] further studies are needed before gen-
eral recommendation can be given. Newer options 
are emerging, such as mimicking NO-mediated 
pulmonary vasodilation with administration of 
soluble guanylate cyclase activators [ 160 ]. The 
Rho-kinase inhibitor, fasudil, was found to lower 
pulmonary artery pressure and PVR in patients 
with HAPH at 3,200–3,600 m [ 161 ]. Agents in 
both of these classes are in late stage human test-
ing. Lastly, acetazolamide, a proven respiratory 
stimulant at high altitude [ 162 ] and inhibitor of 
acute HPV [ 163 ,  164 ] improves symptoms of 
CMS and slightly decreases PVR after 24 weeks 
of treatment [ 165 ,  166 ]. 

 Taken together, the results of these studies 
indicate that for the prevention and treatment of 
HAPH pulmonary vasodilators, particularly cal-
cium channel blockers are the fi rst choice, 
because they are cheap and available in the most 
countries.     
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    Abs tract 

 The cardiovascular response to hypoxia is a dynamic process that evolves 
over the days, weeks, and years of prolonged exposure. In both acute and 
sustained hypoxia, coordinated changes in cardiac pump function and 
systemic vascular function work to facilitate adequate end-organ perfusion. 
During acute hypoxia, sudden reductions in oxygen supply are compen-
sated for by increased oxygen delivery (cardiac output) which preserves or 
at least minimizes reductions in conductive oxygen transport. With 
prolonged exposure and sustained hypoxia, gradual adaptations restore 
cardiovascular function towards normoxic levels. Exercise in the hypoxic 
environment represents a unique physiologic stress that has important 
implication for healthy high-altitude travelers and patients with preexisting 
cardiovascular conditions.  

 6      Cardiovascular System 

 Heart and Systemic Circulation       

        Aaron     L.     Baggish    ,     Eugene     E.     Wolfel    , 
and     Benjamin     D.     Levine    

        Introduction 

 The major role of the cardiovascular system is to 
supply adequate oxygen and substrate to meet the 
metabolic demands of the body. Both the central 
(cardiac pump) and peripheral (regional vascular 
beds) components of the cardiovascular system 
are challenged by the hypoxic environment. The 
magnitude of this challenge is intensifi ed during 
hypoxic exercise when oxygen demand increases 
considerably. The cardiovascular response to 
hypoxic exposure appears to be driven largely by 
stimulation of the autonomic nervous system 
which facilitates changes in cardiac pump func-
tion (heart rate and stroke volume) and systemic 
vascular function (regional fl ow redistribution) to 
ensure that organ-specifi c metabolic demands 
are met. 
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 The cardiovascular response to hypoxia is a 
dynamic process that begins immediately upon 
exposure and evolves over the days, weeks, and 
years of prolonged exposure. Although the 
temporal nature of this response has inherent 
interindividual variability, it is useful to consider 
the response in two distinct phases:  Acute hypoxia  
and  Sustained hypoxia . During acute hypoxia, 
sudden reductions in oxygen supply are compen-
sated for by increases in oxygen delivery (cardiac 
output) which appear aimed at preserving or at 
least minimizing reductions in conductive oxygen 
transport. With prolonged exposure, the hyperdy-
namic state of acute hypoxia abates and sustained 
hypoxia is marked by gradual adaptations that 
attempt to restore cardiovascular function 
towards normoxic levels. A qualitative summary 

of the acute and chronic effects of hypoxia on 
the cardiovascular system is presented in Fig.  6.1 . 
Cardiovascular function during resting condi-
tions and exercise in the settings of both acute 
hypoxia and sustained hypoxia will be reviewed. 
This review will outline historically important 
fundamental concepts, describe recent advances 
in knowledge, and propose important areas of 
future work.

       Acute Hypoxia 

 Acute hypoxia decreases PaO 2  and arterial oxy-
gen content leading to activation of the sympa-
thetic nervous system. This activation is the key 
element of the acute hypoxic response of the 

  Fig. 6.1    Schematic of the 
cardiovascular hemody-
namic changes that occur 
with acute and chronic 
hypoxia compared to sea 
level. Heart rate, cardiac 
output, muscle fl ow, and 
stroke volume initially rise 
with acute hypoxia but 
decrease to levels at or 
below sea level with 
sustained exposure. Blood 
pressure and vascular 
resistance initially fall with 
acute hypoxia but rise 
progressively with 
prolonged hypoxia       
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 cardiovascular system. The carotid bodies appear 
to respond to partial pressure of oxygen while 
local vascular beds seem to be regulated by arterial 
oxygen content. With respect to heart function, 
increased sympathetic activity (with or without 
vagal withdrawal) leads to a rise in heart rate and 
thus an increase in cardiac output. However, 
peripheral vasoconstriction, the expected vascular 
response to increased sympathetic tone, appears to 
be blunted by the release of local vasodilatory sub-
stances constituting a phenomenon equivalent to 
the “functional sympatholysis” that occurs during 
sustained endurance exercise. Thus, cardiac output 
increases while systemic vascular resistance and 
blood pressure decrease transiently. Acute 
responses occur within minutes of exposure to a 
hypoxic environment, and in the context of this 
section, are generally considered to refl ect the fi rst 
few hours–days of hypoxia. 

 With acute exposure to normobaric or hypo-
baric hypoxia, the partial pressure of oxygen in 
the air, alveoli, and blood is reduced. This results 
in oxyhemoglobin desaturation and a reduction 
in arterial oxygen content. To facilitate preserved 
tissue oxygen delivery, the cardiovascular system 
must increase systemic blood fl ow. Classic 
studies by Grollman on Pikes Peak (4,300 m) 
demonstrated that there is an approximately 40 % 
increase in resting cardiac output within the fi rst 
few days of ascent to high altitude [ 1 ]. Similar 
observations have been made under more rigor-
ously controlled conditions in the laboratory, 
with equivalent degrees of normobaric [ 2 ,  3 ] or 
hypobaric hypoxia [ 4 – 6 ]. The magnitude of the 
increase in cardiac output is proportional to the 
degree of hypoxia, with no apparent increase at 
altitudes below 700 m [ 4 ] and augmentation 
nearing 75 % at altitudes of 5,000 m [ 4 – 6 ]. This 
response appears to be independent of gender [ 4 , 
 7 ] or age [ 8 ]. 

    Cardiac Function During 
Acute Hypoxia 

       Heart Rate 
 The increase in cardiac output during acute 
hypoxia is due primarily to elevation in heart rate 

[ 4 – 6 ,  9 ]. Resting heart rate is a function of both 
the intrinsic heart rate and the balance of sym-
pathetic and parasympathetic neural activity. 
Intrinsic heart rate does not appear to change 
signifi cantly with acute hypoxia (i.e., no change 
in the face of combined adrenergic and vagal 
blockade [ 10 ]) suggesting that autonomic mecha-
nisms must be responsible. 

 The evidence for sympathetic activation during 
acute hypoxia is compelling. Indirect measures 
of sympathetic function such as plasma and 
urinary catecholamines levels have shown a 
consistent elevation in both norepinephrine and 
epinephrine concentrations with acute altitude 
exposure [ 11 – 13 ]. However, such data, especially 
with respect to urinary measurements, must be 
interpreted cautiously as clearance of these 
neurotransmitters increases prominently during 
acute hypoxia [ 14 ]. Frequency analysis of heart 
rate variability during acute hypoxia has been 
used as surrogate measure of autonomic nervous 
system function, yet interpretation of these data 
has proven challenging due to inadequate control 
for confounding variables that may affect heart 
rate variability during acute hypoxia (for sum-
mary and review, see [ 15 ] including ventilatory 
volume and respiratory rate [ 16 ], cardiac volume 
and mechanical function [ 17 ], arterial stiffness 
and pulse amplifi cation, arterial barorefl ex func-
tion [ 18 ], and sinus node responsiveness [ 19 ]). 
Direct measurements of efferent postganglionic 
sympathetic activity to skeletal muscle [ 20 ] have 
confi rmed a direct relationship between the 
magnitudes of hypoxia and sympathetic activa-
tion [ 21 ,  22 ]. Although such nerve activity has 
not been documented in cardiac tissue responsible 
for heart rate control, it is highly likely that 
increases in sympathetic activity underlie the 
global stimulation of the circulatory system in 
the face of acute hypoxia. 

 However, sympathetic activation does not 
appear to explain all of the increase in heart rate 
and cardiac output acute during acute hypoxia. 
For example, beta-blockade alone does not com-
pletely abolish the heart rate response [ 9 ]. This 
fi nding led to the notion that simultaneous vagal 
withdrawal might complement sympathetic acti-
vation. Evidence for vagal withdrawal during 
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hypoxia comes from two lines of evidence: (a) R-R 
interval shortening occurs extremely rapidly after 
brief periods of hypoxia which are too transient 
for full sympathetic nervous system activation [ 23 ]; 
this R-R shortening occurred almost exclusively 
during inspiration which strongly suggests that 
vagal withdrawal is driven largely by increases 
in ventilation. (b) vagal blockade with atropine in 
combination with beta-blockade prevented any 
further increase in resting heart rate with acute 
hypoxia [ 10 ] confi rming at least some role of 
vagal withdrawal in the acute HR response. 
In summary, acute hypoxia, via stimulation of 
peripheral chemoreceptors [ 24 ] and the subse-
quent coupling of sympathetic activation and 
vagal withdrawal, results in a signifi cant increase 
in resting heart rate and cardiac output. 

 The specifi c central neural pathways involved 
in the recognition of acute hypoxia and the subse-
quent adjustment of autonomic activity have 
been an area of important recent work and have 
been reviewed recently    [ 25 ]. Early work demon-
strated that afferent fi bers from both barorefl ex 
and chemorefl ex receptor populations synapse 
closely together in the nucleus tractus solitarius 
(NTS) [ 26 ]. It is now apparent that multiple sites 
within the brain including the thalamus, hypo-
thalamus, pons, and medulla are oxygen sensitive 
and contribute to the augmentation of both 
sympathetic and respiratory activity. The exact 
neural pathways, cellular mechanisms, and rele-
vant central nervous system neurotransmitters 
which mediate the autonomic response to hypoxia 
are being actively explored [ 25 ]. 

 Nitric oxide seems to be a strong candidate for 
a key neurotransmitter modulating CV control: 
for example, microinjections of an endogenous 
nitric oxide synthase inhibitor into the NTS 
attenuated heart rate responses to pharmacologic 
autonomic nervous system stimulation [ 27 ]. 
In contrast, brain stem activity of the neurotrans-
mitter NMDA and its coupling to the protein 
Kinase C [ 28 ] and calcium/calmodulin depen-
dent kinase II [ 29 ] pathways have recently been 
identifi ed as key effectors of the acute hypoxic 
ventilatory response. The exact nature of the 
anatomic and neurophysiologic “cross-talk” 

between cardiovascular and respiratory refl exes 
remains to be determined.  

    Stroke Volume 
 Changes in stroke volume play a minor role in the 
cardiovascular response to acute hypoxia. 
Augmentation of myocardial contraction veloc-
ity [ 30 ] and resultant reduction in end-systolic 
volume appear to be offset by a reduction in 
 end- diastolic volume, particularly when the 
measurements are taken within 1–2 h after expo-
sure to acute hypoxia [ 4 – 6 ]. Importantly, even 
severe acute hypoxia does not appear to be 
associated with depression of myocardial con-
tractile function in normal hearts [ 31 ]. Although 
sustained hypoxia equivalent to 10,000 m alti-
tude will result in heart failure in dogs if adrener-
gic compensatory mechanisms are inhibited [ 32 ], 
there is no evidence that this fi nding has any 
relevance to the human cardiac response to acute 
hypoxia. 

 Recent experimental work has documented 
several mechanisms by which the human heart 
compensates for arterial hypoxemia thus pre-
serving contractile function. The most important 
of these is coronary vasodilation and increased 
myocardial blood fl ow [ 33 ]. In healthy individuals, 
this increase is quite robust with a 24 % increase 
in resting coronary fl ow at a simulated altitude of 
4,500 m [ 34 ]. Additionally, there is some prelim-
inary evidence that myocardial metabolism may 
shift from highly oxygen- dependent free fatty 
acid metabolism towards increased use of glu-
cose during acute hypoxia [ 35 ]. Preliminary 
animal data further suggest that hypoxia-induced 
changes in metabolism may differ between the 
left and right ventricles, possibly because of the 
differential changes in afterload to the right and 
left heart with acute hypoxia [ 36 ]. It is also 
possible that respiratory alkalosis causes Ca 2+  
sensitization of cardiac fi bers, thus improving 
mechanical effi ciency and reducing the O 2  cost 
of contraction [ 37 ]. Thus, it seems likely that 
myocardial contractile function and thus stroke 
volume are unchanged during acute hypoxia due 
to compensatory hyperperfusion and shifts in 
intracellular energy substrate utilization.   
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    Systemic Circulatory Changes—Acute 
Hypoxia 

 Activation of the sympathetic nervous system 
generally results in peripheral vasoconstriction. 
However, with the sympathetic activation of 
acute hypoxia, this vasoconstriction is absent in 
all vascular beds except the pulmonary circula-
tion [ 38 – 40 ]. This capacity of local control 
mechanisms to override sympathetic vasocon-
striction has been well described during nor-
moxic exercise and has been termed “functional 
sympatholysis” [ 41 ,  42 ]. This concept is illus-
trated in Fig.  6.2 . The combination of global 
sympathetic nervous system activation with a 
resultant increase in cardiac output and simulta-
neous selective peripheral vasodilation resulting 
in distribution of fl ow to vascular beds with the 
greatest metabolic demand appears to be an 
important adaptive strategy to handle the chal-
lenge of vigorous exercise. The mechanism of 
functional sympatholysis during exercise appears 
to be muscular contraction-induced opening of 
adenosine triphosphate (ATP)-sensitive channels 
by endothelium-derived hyperpolarizing factor 
[ 43 ] in part mediated by nitric oxide [ 44 ].

   Although mechanisms remain unclear, there 
is strong experimental evidence to support the 
presence of “functional sympatholysis” during 
acute hypoxia [ 45 ]. For example, leg blood fl ow 
during acute hypoxia precisely matches the 
decrease in arterial oxygen content, keeping O 2  
delivery constant both at rest and during exercise 
[ 39 ,  46 ]. In the coronary arteries, acute hypoxia 
causes neurally mediated vasodilation [ 47 ]. 
There is no evidence that a similar mechanism 
exists in the peripheral circulation and the obser-
vation that beta-adrenergic blockade in the 
forearm does not alter the vasodilator response to 
hypoxia [ 9 ] argues against a neural mechanism 
for the sympatholysis of acute hypoxia. 

 The extraordinary precision of the adjust-
ment of blood fl ow to  O   2    content  (as opposed to 
pO 2 ) [ 48 ,  49 ] suggests that the red cell or its 
contents play an intimate role in oxygen sens-
ing. One prominent hypothesis proposed by 
Ellsworth et al. suggests that the metabolic 
activity of the red cell is a major mediator of 
vascular tone during acute hypoxia [ 50 ]. Speci-
fi cally, they demonstrated that deoxygenated 
blood cells release ATP which binds to P2y 
receptors on the vascular endothelium and stim-
ulates vasodilation [ 51 ]. An elegant series of 

  Fig. 6.2    Hypoxia prevents 
the rise in forearm vascular 
resistance with lower body 
negative pressure (LBNP) 
and the ability to maintain 
blood pressure is 
compromised (data 
from [ 50 ]) common to both 
exercise and hypoxia. 
During exercise, the 
mechanism of functional 
sympatholysis appears to 
be muscular contraction-
induced opening of 
ATP-sensitive potassium 
channels by endothelium-
derived hyperpolarizing 
factor mediated, at least in 
part, by nitric oxide       
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studies from this group has since confi rmed the 
role of the red blood cell as an “oxygen sensor” 
[ 52 ] and have clarifi ed mechanisms by which 
acute hypoxia stimulates the red blood cell 
release of ATP [ 53 – 55 ]. 

 Additional molecular mediators independent 
of ATP have also been described and may pro-
vide alternative and/or redundant mechanisms 
for hypoxia-mediated vasodilation. Clearly nitric 
oxide plays an important role in facilitating 
peripheral hypoxic vasodilation [ 56 ] which 
depends upon concomitant local production of 
adenosine and its metabolites [ 57 ,  58 ]. Originally 
proposed by Mark Gladwin and colleagues [ 59 ] 
and recently confi rmed by others [ 60 ], nitrite 
reductase activity of deoxyhemoglobin appears 
to be a key source for NO at the local level in 
animals and humans, with a greater effect during 
conditions where hemoglobin is deoxygenated 
such as exercise [ 59 ] and hypoxia [ 60 ]. More 
recently, several groups have shown that hypoxia- 
mediated nitrite reductase activity resides in the 
vessel wall and that this may be more substantial 
than deoxyhemoglobin-mediated nitrite reduc-
tion [ 61 ,  62 ]. Regardless of mechanism, increas-
ing the availability of nitrite by increasing dietary 
intake of nitrate (via beet root juice) has recently 
been demonstrated to improve exercise perfor-
mance in hypoxia [ 63 ]. In contrast, Stamler and 
colleagues have published extensively on the 
concept that a conformational change in an 
S-nitrosothiol (SNO) residue on the beta-93 
cysteine on the hemoglobin molecule (SNO-Hb) 
causes an allosteric conversion from an oxygen-
ated “relaxed” (R-state) to a deoxygenated “tight” 
(T-state) of SNO-Hb thereby releasing O 2  and 
transferring functional vasodilatory NO to the 
cell membrane. This group has recently extended 
this work by demonstrating that (a) RBC- 
mediated relaxation is absent when SNO Hb is 
depleted; and (b) hypoxic vasodilation is present 
even when the endothelium has been removed, 
and in the presence of NO synthase inhibition [ 64 ]. 
However like most physiological mechanisms 
with substantial redundancy SNO–hemoglobin is 
not essential for hypoxia-mediated vasodilation 
by red blood cells [ 65 ]. Finally, an elegant animal 

study by Coney and Marshall provides com-
pelling evidence that neuropeptide Y (via the 
neuropeptide Y 1  receptor) and catecholamines 
(via the alpha-2 adrenoreceptors) contribute to 
hypoxic sympatholysis [ 66 ]. Although these 
multiple hypotheses are often presented by their 
proponents as confl icting, they are not mutually 
exclusive and in the intact, exercising, hypoxic 
human, it may be that all the above mechanisms 
play some role. Further human study is required 
to determine quantitatively exactly how these 
biochemical pathways interact to vivo responses 
to acute hypoxia. 

 Ultimately, the balance between sympathetic 
vasoconstriction and hypoxic vasodilation deter-
mines arterial blood pressure during acute 
hypoxia. Blood pressure during acute hypoxia 
depends upon several factors including the abso-
lute altitude achieved, the rapidity of the acclima-
tization responses, and the timing of the blood 
pressure measurement. When blood pressure 
measurements are made very early—within the 
fi rst hour of exposure—most studies show a 
decrease in total peripheral resistance with a 
small but measurable reduction in blood pressure 
[ 4 ,  8 ,  67 ]. However, when measurements are 
made even a few hours after exposure, the balance 
shifts toward predominant sympathetic vasocon-
striction with the potential for resultant moderate 
hypertension [ 68 ]. This shift may be due to 
increases in minute ventilation or plasma hemo-
globin concentration which increase arterial 
oxygen content and thus attenuate some of the 
hypoxic peripheral vasodilation. A key question 
that remains is whether changes in the partial 
pressure of arterial oxygen (PaO 2 ) or the arterial 
oxygen content dictate blood pressure during 
acute hypoxia? While it has been shown that the 
receptors in the carotid body respond directly to 
PaO 2  [ 69 ], it is also clear that organs like the 
kidney respond to arterial oxygen content such 
that anemia with a normal PaO 2  results in vasodi-
lation and synthesis of erythropoietin. This 
distinction may be critically important in under-
standing the vascular response to both acute and 
chronic hypoxia and is an important area of 
future research. 
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    Summary and Key Unanswered 
Questions—Acute Hypoxia 
 The cardiovascular systems play a crucial role in 
the maintenance of peripheral tissue oxygenation 
during acute hypoxia. Increased sympathetic 
nervous system activity results in increases in 
heart rate and cardiac output which augments 
the delivery of oxygen to the central organs and 
peripheral tissues. Acute hypoxia stimulates 
numerous local peripheral vasodilating mecha-
nisms which lead to reduced systemic vascular 
resistance and a modest but signifi cant transient 
reduction in arterial blood pressure.
    1.    Which biochemical mediators/pathways con-

tribute to hypoxic “functional sympatholysis” 
and what are their relative contributions to this 
process during acute hypoxic exposure?   

   2.    Do the cardiovascular and ventilatory systems 
share common central nervous system control 
that facilitates matching of ventilation and 
oxygen transport during hypoxia?   

   3.    Is the sympathetic hyperactivity necessary for 
successful acute hypoxia exposure or can it 
precipitate high-altitude illness (see Chaps. 
  20    ,   21    , and   22    ) or symptoms of underlying 
cardiovascular disease?        

    Sustained Hypoxia 

 As hypoxia becomes sustained, arterial oxygen 
content (Cao 2 ) increases secondary to hemocon-
centration, ventilatory acclimatization, and 
increases in red cell mass. These changes lead to 
an abatement of the hyperdynamic state of the 
circulatory system. Ventricular contractile func-
tion remains normal but reductions in plasma 
volume and ventricular fi lling lead to decreased 
stoke volume as predicted by the Frank–Starling 
mechanism. Persistent sympathetic hyperactivity 
leads to down-regulation of cardiac beta recep-
tors and increased vagal activity which combine 
to promote a reduction in resting heart rate. These 
heart rate and stroke volume reductions lead to an 
overall fall in the initial acute increase in cardiac 
output. In the systemic circulation blood pressure 
gradually rises as the peripheral mechanisms 
responsible for local vasodilation diminished. 

In sum, these changes lead to increased transit 
time of blood fl ow across most organ systems and 
thus improved delivery of oxygen. 

 In contrast to the acute hypoxic response, in 
which the cardiovascular system plays a primary 
role in restoring oxygen transport toward normal, 
the behavior of the cardiovascular system during 
sustained exposure refl ects adaptation in other 
organ systems. Ventilatory acclimatization (see 
Chap.   3    ), a key adaptive response characterized by 
increases in alveolar ventilation and thus PaO 2 , 
shifts the oxyhemoglobin dissociation curve to the 
left. In addition, sustained hypoxic exposure leads 
to erythropoiesis and gradual  restoration of plasma 
volume which result in increased blood volume. 
Together, these adaptations substantially increase 
the CaO 2  after the fi rst few days (increased Hgb 
concentration and O 2  binding) to  weeks (increased 
red cell mass)  of sustained hypoxic exposure. The 
cardiovascular system appears to respond to 
increased CaO 2  with changes in heart rate, stroke 
volume, intrinsic cardiac function, cardiac output, 
and systemic vascular resistance. Data from rele-
vant studies are summarized in Tables  6.1  and  6.2  
and are reviewed below.

       Cardiac Function—Sustained 
Hypoxia 

    Heart Rate 
 Resting heart rate remains elevated at altitudes 
greater than 3,000 m during sustained exposure. 
The magnitude of resting heart rate elevation is 
dependent on the severity of sustained hypoxia 
[ 31 ,  70 – 78 ]. The greater the altitude, the higher 
the resting heart rate, with little evidence for a 
decrease toward sea level values over 2–3 weeks 
of exposure (Fig  6.1 , and Table  6.2 ). 

 The sympathetic nervous system continues to 
increase resting heart rate after prolonged expo-
sure to hypoxia. Support for this notion comes 
from the observation that beta blockade prior to 
ascent prevents most (but not all) of the increase 
in resting heart rate with sustained altitude expo-
sure [ 79 ,  80 ]. However, beta blockers adminis-
tered after acclimatization do not reduce heart 
rate to the same magnitude [ 81 ]. This intriguing 
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   Table 6.1    Effects of sustained hypoxia on resting cardiac hemodynamics   

 Altitude (m)   n   Age (year)  Duration (days)  Method 

 Response (%) a  

 References  CO  SV  HR 

 3,658  50  21–34  10  Imped.  −26*  −36*  +18*  [ 77 ] 
 3,800  5  20–73  21–28  CO 2  rb  −4  −11  +9  [ 76 ] 
 4,300  8  18–24  21  Dye dilut.  −8  −20  +18  [ 84 ] 
 4,350  4  20–22  10  Dye dilut.  −21  −22  +15  [ 140 ] 
 3,100  8  23–32  10  Fick  −7  No ∆  No ∆  [ 81 ] 
 4,300  4  20–21  14  Dye dilut.  +28  −23  +31  [ 156 ] 
 4,300  12  21–28  21  Dye dilut.  −17  −30  +11  [ 82 ,  87 ] 

   Rb  Rebreathing,  dye dilute . indocyanine green dye method,  imped . impedance,  CO  cardiac output,  SV  stroke volume, 
 HR  heart rate 
 * p  < 0.05 versus sea level 
  a % changes in responses from sea level  

 ( n  = 12)  Sea level  Acute hypoxia  Sustained hypoxia 

 Heart rate (bpm)  72 ± 5  80 ± 4*  80 ± 4* 
 Cardiac output (L/min)  6.6 ± 0.6  6.7 ± 0.6  5.5 ± 0.6* 
 Stroke volume (mL)  91 ± 6  84 ± 6  70 ± 7*, ** 
 VO 2  (mL/min)  290 ± 17  316 ± 14  376 ± 14* 
 a-v O 2  (vol%)  4.4 ± 0.5  4.7 ± 0.8  6.8 ± 0.8*, ** 
 CaO 2  (vol%)  18.4 ± 0.3  15.3 ± 0.3*  18.3 ± 0.4** 
 O 2  delivery (L O 2 /min)  1,230 ± 120  1,010 ± 90*  1,015 ± 96* 
 MAP (mmHg)  88 ± 3  86 ± 3  107 ± 3*,** 
 SVR (dynes-sec-cm −3 )  1,176 ± 116  1,162 ± 126  1,772 ± 204*,** 

      MAP  mean arterial pressure 
 * p  < 0.05 versus sea level; ** p  < 0.05 versus acute hypoxia 
 The increase in a-v O 2  with sustained hypoxia was related to the decrease in 
cardiac output (80 %) and the increase in VO 2  (20 %) 
  a Sea level studies performed in Palo Alto, California 
  b Acute hypoxia data obtained within 4 h of arrival at 4,300 m, Pikes Peak 
  c Sustained hypoxia studies performed at 21 days on Pikes Peak 
  Sources : [ 82 ,  87 ]  

   Table 6.2    Resting 
hemodynamics in healthy 
men at 4,300 m—Pikes 
Peak, Colorado  

fi nding suggesting that the tachycardia of acute 
exposure confers some degree of resistance 
to subsequent sympathetic blockade. The 
mechanism(s) underlying this relative resistance 
to sympathetic blockade after acute exposure 
remain uncertain, though alteration in vagal 
responsiveness likely plays a role. 

 Although the sympathetic nervous system is 
of undeniable importance to the sustained 
increase in heart rate with prolonged hypoxia, 
one perplexing issue deserves mention. It is well 
accepted that persistent sympathetic hyperac-
tivity in heart failure causes down-regulation of 

cardiac beta receptors [ 82 ] and thus a reduced 
chronotropic response to catecholamines. Such a 
down-regulation has been well described in 
animals and humans after acclimatization to 
high altitude [ 83 – 86 ]. Cardiac receptor down- 
regulation during sustained hypoxia would favor 
a shift in heart rate back toward resting sea level 
values. However, observational data suggest that 
this does not fully occur raising a question about 
the physiologic importance of adrenergic receptor 
down-regulation during sustained hypoxia. 
Moreover, inhibition of persistent vagal activity 
by glycopyrrolate at maximal exercise after 
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successful acclimatization fully returns maximal 
heart rate to normal [ 87 ], suggesting that beta 
receptor down-regulation may be of limited func-
tional importance at maximal exercise. 

 The mechanism underlying this persistent 
heart rate elevation during sustained hypoxia 
remains incompletely understood. Decrease in 
plasma volume, re-setting of chemo/barorecpetor 
sensitivity, and persistent vagal withdrawal (at rest) 
may each contribute. Plasma volume reduction is 
a well-known consequence of sustained hypoxia 
[ 88 ,  89 ] and has important implications with 
respect to reduction in exercise capacity [ 90 ]. 
This relative arterial under-fi lling may unload the 
arterial baroreceptors and favor persistent sym-
pathetic activity [ 91 ,  92 ]. Resetting of the chemo/
baroreceptor threshold appears to also be a factor. 
Hansen et al. studied acclimatized lowlanders 
with saline infusion and supplemental oxygen 
after 4 weeks at 5,260 m (Chacaltaya, Bolivia) [ 93 ]. 
Although both interventions were expected to 
attenuate sympathetic activity, these maneuvers 
had only minimal effect on sympathetic activity 
as measured by peroneal nerve microneurogra-
phy. Although vagal withdrawal is a potential 
contributor, recent work by Boushel et al. sug-
gests otherwise as an  increase  in vagal activity at 
rest (greater increase in HR after glycopyrrolate 
after acclimatization) was demonstrated among 
lowlanders following 9 weeks at ≥5,260 m [ 87 ]. 

 Studies examining the effects of further increas-
ing altitude (i.e., superimposing a more severe 
hypoxic stimulus upon prior acclimatization) have 
shown that resting heart rate continues to increase 
with each increment in altitude. For example, in 
the American Medical Research Expedition to 
Mount Everest (AMREE), resting heart rate 
increased 20 beats per minute from sea level to 
6,300 m [ 71 ]. Similar data have been obtained in a 
hypobaric chamber study, confi rming that hypo-
baric hypoxia per se, rather than the stresses of 
mountaineering, is responsible for this tachycardia 
[ 31 ]. Thus, even in the setting of prior acclimatiza-
tion, the ability to respond to a further increase in 
hypoxia with cardioacceleration remains present.  

    Stroke Volume 
 Despite the increases in resting heart rate that 
accompany sustained hypoxia, stroke volume 

and cardiac output are consistently depressed 
below sea level values after acclimatization to 
high altitude [ 9 ,  76 ,  94 ]. Reductions in stroke 
volume can be seen as early as a few hours after 
exposure to hypobaric hypoxia during submaxi-
mal exercise [ 5 ] and reductions at rest have been 
seen after only 2 days at high altitude [ 70 ]. There 
appears to be some continued decline over the 
fi rst week, after which stroke volume stabilizes 
for a given altitude [ 74 ]. However, with progres-
sively increasing altitude there appears to be 
further reductions in stroke volume [ 31 ], although 
differences in measurement techniques make 
precise determination of the effect of progressive 
prolonged hypoxia on stroke volume diffi cult. 

 Although these results are consistent across 
studies performed at moderate high altitude, 
important differences are observed if hypoxia is 
incremental and more extreme, as seen in a typi-
cal climbing expedition. For example, in the 
studies performed on Pikes Peak [ 75 ,  79 ], 
although arterial oxygen content increased over 
the course of acclimatization, cardiac output actu-
ally continued to decrease so that conductive O 2  
transport fell to levels below sea level. Interest-
ingly, there appears to be some rebound increase 
in cardiac output at extreme high altitude. In 
Operation Everest II (Table  6.3 ), resting cardiac 
output actually began to increase at altitudes 
above 7,000 m [ 31 ,  95 ,  96 ]. Though absolute rest-
ing cardiac output remained well below sea-level 
values, this increase at extreme simulated high 
altitude was intriguing. Increases in cardiac out-
put, and thus higher conductive O 2  delivery, at 
very low PiO 2  come at the expense of reduced 
capillary transit time and an overall reduction in 
oxygen diffusion capacity. The in vivo balance 
between these factors ultimately determines the 
actual net O 2  fl ux. At present, a mechanism for 
the sensing and effecting matching of diffusion 
time to diffusion gradients is unknown and 
remains an area of important future work.

   Since stroke volume is end-diastolic volume 
minus end-systolic volume, it will be reduced 
only if end-s ystolic  volume is  increased  due to 
impaired contractile function, or if end- diastolic  
volume is r educed  due to decreased left ventricu-
lar fi lling. Each of these possibilities will be 
considered in turn.  
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    Cardiac Contraction (Systolic Function) 
 Early studies evaluating the hemodynamic 
responses to sustained hypoxia suggested that 
decreased cardiac contractile function contrib-
uted to the reductions in stroke volume [ 74 ,  97 , 
 98 ]. However, the measurement techniques used 
in these studies were extremely load dependent 
and misleading in the setting of a prominent 
reduction in plasma and LV end-diastolic volumes 
(LVEDVs). Subsequently, Fowles and Hultgren 
normalized LV ejection indices to left ventricular 
end-diastolic dimensions and demonstrated that 
contractile function was actually enhanced rather 
than impaired for a given preload [ 73 ], similar to 
observations made after diuretic treatment [ 99 ]. 

 The most convincing evidence that cardiac 
function is well preserved during sustained 
hypoxia comes from the Operation Everest II 
project. In this study, two-dimensional echocar-
diograms were performed at progressively greater 
simulated altitudes up to and including that 
equivalent to the summit of Mount Everest [ 100 ]. 
As noted above, stroke volume was decreased 
with chronic altitude exposure, even at 8,848 m. 
However, at each altitude, end-systolic volume 
was smaller than at sea level and all indices of left 
ventricular systolic function (left ventricular 
ejection fraction, mean normalized systolic ejec-
tion rate, peak systolic pressure/end-systolic 
volume) were either unchanged or improved 
across the altitude spectrum. Simultaneous inva-
sive measurements of cardiac fi lling pressure 

allowed the construction of Starling function 
curves and demonstrated that high-altitude 
curves are superimposable on those obtained at 
sea level [ 31 ]. These data confi rm that in normal 
individuals, LV contractile function is not dimin-
ished during sustained exposure to high altitude 
and is thus not a contributor to reduced stroke 
volume. Left ventricular pressure–volume rela-
tionships are highlighted in Fig.  6.3 .

   The mechanisms responsible for preserved 
myocardial contractile function during severe 
hypoxia are not well understood. Candidate 
mechanisms underlying the “hypoxia-tolerant” 
myocardium include heightened sympathetic 
activity [ 12 ,  101 ], a shift in myocardial metabo-
lism, with increased ATP yield per molecule of 
oxygen [ 102 ], augmentation of coronary artery 
blood fl ow [ 103 ], transcriptional changes in 
mitochondrial and nuclear genes [ 104 ], and 
generation of NO by deoxymyoglobin [ 105 ]. 
Recently, sustained hypoxia has been shown to 
induce various cellular regulatory factors that 
preserve mitochondrial function such as 
hypoxia-inducible factor [ 106 ,  107 ], nuclear 
factor (NF)-kB [ 108 ], heat shock proteins [ 109 , 
 110 ], and mitochondrial nitric oxide synthase 
[ 111 ] in various animal and tissue culture 
models. Although none of these mechanisms 
have been defi nitely shown to occur in humans at 
high altitude, these studies present compelling 
data that changes at the cellular level do occur 
with sustained hypoxia. A combination of these 

 Sea level  6,100 m  7,260 m  8,848 m 

 Heart rate (bpm)  64 ± 4  86 ± 6*  95 ± 6*  99 ± 6* 
 Cardiac output (L/min)  6.3 ± 1.2  5.0 ± 1.1  7.3 ± 1.5  8.6 ± 0.8 
 Stroke volume (mL)  107 ± 8  72 ± 6*  69 ± 10*  81 ± 11* 
 CaO 2  (vol%)  17.9 ± 1.2  15.7 ± 2.0*  13.6 ± 1.7*  11.8 ± 1.9* 
 a-v O 2  (vol%)  5.7 ± 0.5  6.4 ± 1.1  5.7 ± 1.0  4.6 ± 0.2 
 O 2  delivery (L O 2 /min)  1,125 ± 144  786 ± 220*  992 ± 155  1,018 ± 152 
 VO 2  (mL/min)  360 ± 20  306 ± 25  406 ± 16  386 ± 17 
 MAP (mmHg)  96 ± 3  96 ± 3  90 ± 2  96 ± 9 
 SVR (dynes-sec- cm  −3 )  1,219 ± 200  1,536 ± 48*  986 ± 107*  893 ± 300* 

  Simulated altitude where PIO 2  = 63 Torr (6,100 m); 49 Torr (7,620 m); 43 Torr 
(8,840 m) 
 * p  < 0.05 versus sea level 
  Source : [ 43 ,  102 ,  103 ]  

  Table 6.3    Resting 
hemodynamic measure-
ments with progressive 
high altitude—Operation 
Everest II  
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molecular and cellular adaptations could result in 
a more energy-effi cient, functioning myocardium 
that is relatively protected from functionally 
relevant tissue ischemia.  

    Cardiac Relaxation (Diastolic Function) 
 The reduction in stroke volume during sustained 
hypoxia must therefore be due to a reduction in 
LVEDV. LVEDV is determined by fi lling during 
ventricular diastole and in practice, decreased 
LVEDV has been universally observed during 
sustained hypoxia [ 73 ,  74 ,  100 ,  112 ]. Diastolic 
fi lling is a dynamic and complex process com-
prised of distinct hemodynamic phases. Diastole 
is practically divided into three phases: early 
fi lling, diastasis, and late fi lling. At sea level in 
the healthy heart, the majority (~80–90 %) of 
total LVEDV is accounted for by early diastolic 
fi lling while late fi lling, generated by atrial 
contraction, accounts for the remaining total 
volume. Determinants of overall LV fi lling 
include  preload  (left atrial pressure),  intrinsic 
myocardial factors  (active myocyte relaxation, 

atrioventricular coupling, heart rate, and the 
dynamic establishment of atrioventricular and 
intraventricular pressure gradients), and  extrinsic 
cardiac factors  (pericardial and pulmonary 
mechanical constraint). In theory, sustained 
hypoxia could lead to changes in LV fi lling via 
alterations in any of these factors. 

 Previous studies examining the impact of alti-
tude exposure on diastolic function have yielded 
mixed results. The OE II investigators provided 
important measurements of pulmonary capillary 
wedge pressure during progressive altitude expo-
sure with consistent documentation of low left 
atrial pressure [ 31 ]. This fi nding suggests that 
alterations in LV relaxation, if present, do not 
result in signifi cant rise in this surrogate measure 
of left atrial pressure. 

 Reductions in early LV diastolic fi lling by 
Doppler have been identifi ed by older [ 113 ] as 
well as more recent studies [ 114 ]. For example, 
decrease in E/A-wave transmitral fl ow has been 
noted in a relatively large number of healthy 
subjects after rapid ascent to 4,559 m [ 114 ] 

  Fig. 6.3    Left ventricular pressure–volume relationships. 
Point 1 on  curve  represents the normal supine position on 
the pressure–volume ( left ) and Starling ( right )  curves . 
Acute dehydration would cause a shift to point 2, to a less 
stiff region (smaller slope) of the  P – V curve  and a large 
fall in stroke volume (SV) during orthostasis. In contrast, 

hyperhydration would shift to point 3, where changes in 
SV would be modest despite large changes in LVEDP. For 
a given left ventricular volume, changes in the underlying 
 P – V  relationship could result in an increase in cardiac 
compliance ( curve c ) or decrease in compliance ( curve b ) 
due to intrinsic or extrinsic factors       
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or short- term exposure to normobaric hypoxia 
(FiO 2  = 0.12) [ 115 ]. However, these indices are 
exquisitely sensitive to LV preload [ 116 ] and 
must be interpreted with caution as measures of 
diastolic function in the absence of direct simul-
taneous measurements of cardiac fi lling pres-
sures. Of note, changes in these ratios occurred 
due to simultaneous reduction in early fi lling/
relaxation and increase in late fi lling velocities. 
Although the term “compensated diastolic dys-
function” has been coined to describe this fi nding, 
the evidence that diastolic function is intrinsi-
cally abnormal at altitude remains unproven. 
In aggregate, these recent studies suggest that 
phase-dependent changes in LV fi lling, charac-
terized by diminished early and enhanced late 
fi lling, do occur during hypoxic exposure, with 
reductions in early diastolic fi lling in part offset 
by increased atrial stroke volume. 

 The primary mechanism for diminished early 
LV fi lling and subsequent stroke volume reduc-
tion during  sustained hypoxia  is a drop in plasma 
volume. Numerous studies have documented that 
plasma volume is reduced by 20–30 % within the 
fi rst few hours to days at altitude [ 117 ,  118 ]. 
When this reduction in plasma volume is pre-
vented with CO 2  breathing, the reduction in 
stroke volume is also prevented [ 119 ]. Over time, 
a gradual increase in red cell mass occurs, such 
that blood volume gradually increases. For 
example, in most of the studies from Pikes Peak 
there was approximately a 15–20 % decrease in 
plasma volume throughout the period of resi-
dence and a smaller (2–5 %) decrease in blood 
volume after 3 weeks at 4,300 m due to the 
progressive increase in red cell mass [ 75 ,  120 ]. 
   The observation that stroke volume reduction at 
altitude is seen early in the acclimatization period 
and does not appear to be totally ameliorated by 
the gradual increase in blood volume over time 
suggests that plasma volume reduction may not 
fully explain this phenomenon. Further, experi-
mental intravenous volume supplementation has 
been shown to increase but not fully restore 
stroke volumes at altitude [ 74 ]. 

 The increase in heart rate observed during sus-
tained hypoxia may further contribute to 

decreases in LVEDV. For example, in models 
using chronic pacing to obtain increased heart 
rate there are generally decreases in stroke vol-
ume even in the absence of LV function deterio-
ration [ 121 ]. Supportive evidence for this 
mechanism during sustained hypoxia comes 
from the observation that when subjects are beta- 
blocked prior to ascent to altitude [ 79 ], the 
increase in heart rate is prevented and the decrease 
in stroke volume is substantially reduced. 
However, this explanation is at best only a partial 
contributor, as stroke volume is reduced at maxi-
mal exercise during sustained hypoxia when 
maximal heart rate is lower than at sea level. 

 Finally, reduced LV fi lling at altitude may be 
due to impaired right ventricular function [ 122 ]. 
Because the right heart is not well suited to geo-
metric modeling, volume data similar to that of 
the LV are not available for the right ventricle at 
altitude. The role of the right ventricle may be 
particularly important because hypoxia causes 
pulmonary vasoconstriction and sustained pul-
monary hypertension at altitude [ 95 ], resulting in 
numerous electrocardiographic reports of right 
ventricular strain or overload [ 71 ,  123 ,  124 ]. 
Because the right ventricle is comparatively pre-
load dependent and does not have the contractile 
reserve available to the left ventricle, it may not 
be able to perform optimally against acute or sub-
acute increases in afterload, especially when 
plasma volume and thus preload are reduced 
[ 125 ]. Anecdotal reports of acute right ventricu-
lar dilatation have been made in climbers with 
high-altitude pulmonary edema, and RV dilata-
tion has been documented by echocardiography 
even in well subjects at extreme altitude in OE II 
[ 100 ], in a group of Japanese climbers acclima-
tized in the fi eld to altitudes above 6,000 m [ 112 ], 
and in ultra-endurance athletes competing in a 
high-altitude endurance race [ 126 ]. The potential 
signifi cance of the right ventricle for supporting 
LV fi lling has been highlighted in some patients 
with congestive heart failure [ 127 ]. In this study, 
patients with heart failure, RV dilation, and 
depressed LV stroke volume were subjected to 
lower body negative pressure with pooling of 
blood in the lower part of the body. Contrary to 
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what occurs in normal individuals, these patients 
had an increase rather than a decrease in cardiac 
output, associated with an increase in LVEDV 
and SV. Thus, in some patients RV dilation may 
impair LV fi lling through ventricular interdepen-
dence and pericardial constraint with shift of the 
interventricular septum from right to left. 
Although such an effect is theoretically possible 
during sustained hypoxia, it may not play a major 
role in most individuals because LV fi lling pres-
sure when measured has been uniformly low, 
providing evidence against pericardial constraint. 
The absence of a correlation between estimated 
changes in pulmonary artery pressure and 
Doppler indices of LV fi lling is consistent with, 
but does not refute an important contribution of 
RV volume and ventricular interdependence as a 
determinant of LV fi lling volume at high altitude 
[ 128 ]. Better measures of RV and LV size, per-
haps with MRI, or modern 3D echo techniques 
and conformation during unloading at altitude 
will be necessary to confi rm or disprove this 
hypothesis. 

 In sum, during sustained hypoxia, diastolic 
LV fi lling and thus LVEDV appear to be reduced 
by reductions in preload and thus diminished 
early diastolic fi lling. Augmentation of late fi ll-
ing due to enhanced atrial contraction appears to 
minimize but not fully offset this reduction in 
early fi lling. Whether additional factors such as 
myocardial ischemia or ventricular interdepen-
dence contribute to reduce early fi lling remains 
uncertain but the former appears to be of little 
relevance in the healthy heart.   

    Systemic Circulatory Changes—
Sustained Hypoxia 

    General Systemic Vascular Responses 
 The systemic circulation is comprised of the 
heart, central vessel, and regional vascular beds. 
Although the local peripheral circulation appears 
to be precisely regulated by arterial oxygen 
content, the central circulation, known to be 
exquisitely sensitive to changes in autonomic 
nervous system function, appears to behave 

differently. This observation led to two important 
questions that puzzled investigators for a long 
period of time: Does sympathetic activation 
persist or diminish during sustained hypoxia over 
the course of prolonged exposure to high altitude 
and what role does it play in the control of vascular 
tone? It now appears that sympathetic nervous 
system activity, as measured by circulating cate-
cholamine neurotransmitters or muscle sympa-
thetic nervous system activity (MSNA), stays 
elevated and may actually continue to increase 
during sustained hypoxia [ 22 ,  93 ].  

    Regional Vascular Responses 
 Since oxygen delivery (blood fl ow × CaO 2 ) seems 
to be precisely regulated at a local level during 
acute hypoxia, it is reasonable to assume that the 
changes in peripheral blood fl ow with sustained 
hypoxia would also mirror the changes in Ca 2 , 
and in fact that is the case [ 129 ]. The largest body 
of work examining the effect of sustained hypoxia 
on peripheral blood fl ow has been performed at 
4,300 m on the summit of Pikes Peak. Leg blood 
fl ow was measured using the thermodilution 
technique under both acute and sustained hypoxia 
(~3 weeks) at rest and during exercise [ 75 ,  79 , 
 130 ]. In general, these studies used a common 
paradigm: baseline measurements at sea level, 
followed by acute exposure to 4,300 m, and then 
repeat measurements after sustained hypoxia at 
4,300 m. Similar fi ndings have been reported for 
the nonexercising forearm of men at the same 
high altitude [ 131 ], i.e., a progressive increase in 
forearm vascular resistance over 7 days of accli-
matization to 4,300 m (Fig.  6.4 ). Moreover, 
regardless of whether the upper or lower extrem-
ity was studied, and independent of metabolic 
activity, the degree of peripheral vasoconstriction 
during acclimatization is related to elevated 
urinary and arterial norepinephrine levels, indi-
cating that enhanced sympathetic stimulation 
was likely playing an important role [ 12 ,  131 ]. 
Based on these experiments, the following con-
clusions can be drawn: (1) Peripheral skeletal 
muscle blood fl ow is consistently elevated with 
acute hypoxia compared to sea level, thereby 
maintaining oxygen delivery. In the presence of 
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elevated sympathetic nervous system function, 
this vasodilation appears to represent a form of 
function sympatholysis. (2) Sustained hypoxia, 
during which there are increases in arterial oxy-
gen content due both to hemoconcentration and 
increased red cell mass, is associated with a 
decrease in peripheral skeletal muscle blood fl ow 
and a concomitant increase in oxygen extraction. 
(3) The addition of supplemental oxygen to accli-
matized subjects results in a further reduction in 
leg blood fl ow, confi rming the tight coupling of 
leg blood fl ow to oxygen content during sus-
tained hypoxia. Intriguingly, hypocapnia might 
be playing an important role in mediating changes 
in limb blood fl ow and vascular resistance, as 
forearm fl ow and resistance were unaltered at 
altitude under conditions of normocapnic hypoxia 
[ 132 ]. These data suggest a potentially signifi cant 
interaction between ventilatory and cardiovascu-
lar chemorefl exes.

   Finally, there is evidence that the changes in 
peripheral blood fl ow that are induced by 
 sustained hypoxia remain present for some 
degree of time after return to sea level. After a 
sojourn at altitude ranging from 3,500 to 8,400 m, 
climbers were found to have a 26–34 % reduction 
in muscle blood fl ow, determined by  133 Xe clear-
ance, during submaximal exercise [ 133 ]. Thus, 
even with restoration of normal PaO 2 , the surfeit 
of oxygen availability continues to regulate 
oxygen delivery via alterations in limb blood fl ow. 

 Thus, the peripheral circulation develops adap-
tive responses with sustained hypoxia that main-
tain tissue oxygen uptake and substrate delivery. 
Both at rest and during exercise, in a small 
 (forearm) or a large (legs) muscle bed, progressive 
vasoconstriction appears to occur during acclima-
tization as arterial oxygen content increases and a 
persistent sympathetic activation is unmasked by 
withdrawal of functional sympatholysis. 

  Fig. 6.4    Sustained hypoxia at 4,300 m results in a reduc-
tion in forearm compliance ( upper left ) and blood fl ow 
( upper right ) along with increases in mean arterial pressure 

(MAP) ( lower left ) and forearm vascular resistance 
( lower right ). Subjects were residents of 1,600 m (Denver, 
CO) (fi gures redrawn from original data in [ 133 ])       
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   Coronary Circulation 
 The coronary circulation has a number of fea-
tures that distinguish it from the peripheral circu-
lation and may infl uence its adaptation to 
hypoxia. Coronary blood fl ow is tightly coupled 
to myocardial oxygen demand, which in turn is a 
function of three main factors: heart rate, con-
tractility, and wall stress. In addition, oxygen 
extraction is extremely high in the myocardium 
even at rest, and thus most of the adaptive range 
of myocardial oxygen demand must be met by 
alterations in coronary blood fl ow. For normal 
young individuals without coronary artery dis-
ease, this vasodilator reserve is adequate to meet 
myocardial oxygen demands across a wide spec-
trum of conditions. Whether myocardial oxygen 
demand is increased, decreased, or unchanged 
during sustained hypoxia is not clear and depends 
on the complex interplay of these factors, some 
of which are increased (heart rate, contractility, 
blood pressure, afterload) while others are main-
tained or decreased (preload). Data from OE II 
[ 123 ] and the AMREE [ 71 ] suggest that extreme 
hypoxia is well tolerated by the healthy individ-
uals with normal coronary vasculature despite 
extreme hypoxia, as evidenced by the absence 
of ischemic symptoms or ECG evidence of 
ischemia in subjects exercising maximally 
(VO 2  = 1.17 L/min) at 8,848 m despite extraordi-
nary metabolic derangements including an SaO 2  
as low as 49 % and pH of 7.52. 

 Similar to the peripheral circulation, coronary 
blood fl ow increases in proportion to the reduc-
tion in arterial oxygen content [ 134 ]. However, 
studies performed in both high-altitude residents 
and recently acclimatized lowlanders suggest 
that coronary blood fl ow decreases to levels 
lower than sea level with sustained hypoxia. For 
example, high-altitude Andean natives demon-
strated a progressive decline in coronary blood 
fl ow at rest with increasing altitude, compared to 
sea level natives, reaching 30 % at the highest 
altitudes [ 135 ]. These fi ndings were related to a 
lower heart rate, which contributed to a decreased 
myocardial O 2  demand as well as to an increased 
red cell mass, which allowed a relatively greater 
coronary arterial-venous O 2  difference. Similar 
reductions in coronary blood fl ow have also been 

observed in newly acclimatized young men after 
only 10 days at 3,100 m (Leadville, CO) [ 136 ]. 
Like high-altitude natives, these recently accli-
matized lowlanders also had a 30 % decrease in 
coronary blood fl ow compared to sea level values, 
though without a concomitant reduction in heart 
rate and myocardial O 2  consumption. Although 
coronary arterial PO 2  was appropriately low, 
coronary O 2  extraction was increased as refl ected 
by a decrease in coronary sinus O 2  content and 
saturation. Thus, it appeared that coronary blood 
fl ow is tightly regulated to maintain a constant 
myocardial O 2  tension at high altitude.   

    Systemic Blood Pressure 
 There has long been controversy regarding the 
impact of sustained hypoxia on systemic blood 
pressure. Most of the controversy, however, prob-
ably relates to the timing of blood pressure mea-
surements. With acute exposure to altitude, blood 
pressure usually falls due to a decrease in systemic 
vascular resistance. However, with acclimatiza-
tion stroke volume and cardiac output fall, even in 
the face of persistent tachycardia, and peripheral 
vascular resistance gradually rises as ventilatory 
and hematological acclimatization restore arterial 
oxygen content towards normal. This acclimatiza-
tion response may occur relatively rapidly, partic-
ularly at moderate altitudes of 3,000–4,000 m. 
Thus, persistent sympathetic activation due to 
hypoxia is no longer offset by functional sympa-
tholysis and locally mediated vasodilation, and 
blood pressure rises over time. Increases in sys-
temic arterial pressure and vascular resistance 
have been noted in numerous studies of high-alti-
tude acclimatization [ 75 ,  76 ,  79 ,  81 ,  130 ,  137 –
 139 ]. Studies using β-blockers prior to ascent have 
not observed a complete reduction in the systemic 
blood pressure elevation associated with chronic 
hypoxia [ 68 ,  79 ], thus raising the importance of 
α-adrenergic vasoconstriction in this process. In 
support of this concept, healthy young women 
treated with the α-adrenergic blocker prazosin 
were found to have a decline in both diastolic and 
mean arterial pressure during exercise after 48 h 
of hypoxia in a hypobaric chamber simulating an 
altitude of 4,300 m when compared to the 
unblocked state [ 140 ]. However, administration of 
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prazosin to women prior to a 12-day sojourn at 
4,300 m blunted but did not fully abolish the rise 
in systemic blood pressure observed with ambula-
tory monitoring [ 141 ]. Thus, sympathetic block-
ade with either α- or β-blockers appears not to be 
suffi cient to prevent the systemic pressor response 
at moderate high altitude. Recent studies of 
carvedilol in a small number of healthy volunteers 
showed a prominent reduction in blood pressure 
with this combined alpha/beta blocker, though 
there was still an increase in night time blood pres-
sure [ 142 ]. Moreover, few data exist regarding the 
relative importance of other neurohormones such 
as angiotensin, aldosterone, or vasopressin, all of 
which may be involved in some degree with rais-
ing blood pressure during sustained high-altitude 
exposure. These mediators may be particularly 
important in sustaining the pressor response to sus-
tained hypoxia, as acute administration of 35 % O 2  
after acclimatization to 4,300 m did not return 
blood pressure to sea level values [ 130 ]. 

 Although several studies at sustained hypoxia 
with altitudes between 3,000 and 5,000 m have 
reported increases in systemic arterial pressure, 
no increases in blood pressure or systemic vas-
cular resistance have been observed at more 
extreme altitudes [ 95 ,  143 ]. At these extreme 
altitudes, the degree of hypoxia is profound and 
the acclimatization process cannot restore arte-
rial oxygen content to normal. Thus, persistent 
peri pheral vascular oxygen depletion likely 
serves a continued stimulus for peripheral 
vasodilation. 

 Few data exist regarding blood pressure after 
descent from sustained hypoxia. A study of 47 
men who were taken from sea level to 3,658 m 
for a 10-day sojourn reported a progressive rise in 
resting diastolic blood pressure that was associ-
ated with an increase in total urinary catechol-
amines [ 138 ]. On return to sea level, diastolic 
blood pressure remained elevated for several 
days while urinary catecholamines returned to 
normoxic levels within the fi rst 24 h. Insuffi cient 
data were available to provide a satisfying expla-
nation and more research is needed in this area. 

 Finally, elevations in systemic arterial pres-
sure do not seem to persist in lowlanders who 
remain at altitude for several months or longer. 

Although mechanisms remain speculative, this 
may be due at the eventual abatement of sympa-
thetic activity or a compensatory up-regulation 
of circulating or local vasodilatory molecules 
with continued high-altitude residence. For 
example, urinary catecholamine levels have been 
reported to return to sea level values in subjects 
who remained at altitudes greater than 3,000 m 
for more than 90 days [ 144 ]. However, no direct 
data regarding sympathetic nerve activity are 
available in sea level natives over such a pro-
longed period of time. In addition, studies in 
high- altitude populations have shown that sys-
temic hypertension is uncommon and blood pres-
sures in highlanders tend to be lower than in sea 
level natives [ 145 ]. Thus, elevations in systemic 
arterial pressure appear to be part of the early 
(i.e., days to weeks) acclimatization process to 
high altitude associated with heightened sympa-
thetic stimulation but may gradually abate over 
time as the sea level native becomes more like a 
high- altitude native. This represents an important 
area of future work.  

    Summary and Key Unanswered 
Questions—Sustained Hypoxia 
 Over a period of days to weeks, sustained hypoxia 
perpetuates and probably augments sympathetic 
hyperactivity. This results in persistent tachy-
cardia relative to sea level. However, reductions 
in plasma volume result in a reduced stroke 
volume that ultimately, despite tachycardia, leads 
to a reduction in cardiac output to levels below 
sea level values. Coronary and peripheral oxygen 
transport is maintained via increases in CaO 2 , and 
regional blood fl ow is precisely regulated to 
support delivery of oxygen and substrate to the 
tissues. With acclimatization, a gradual reduction 
in coronary and peripheral blood fl ow is associ-
ated with sympathetic activation that is now 
unopposed by regional vasodilation, leading to 
increases in total peripheral resistance and eleva-
tions in arterial blood pressure.
    1.    Are reductions in cardiac output with sus-

tained hypoxia due fully to preload mediated 
changes in stroke volume or are other factors 
(i.e., central nervous system control, cellular 
mechanisms) contributory?   
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   2.    Is the systemic vasoconstriction with sus-
tained hypoxia an adaptive or maladaptive 
response?   

   3.    Do changes in myocardial metabolism govern 
coronary blood fl ow and are there long-term 
implications or altered myocardial substrate 
utilization?    

        Cardiovascular Function During 
Exercise at High Altitude 

 In comparison to sea level, submaximal exercise 
during acute hypoxia is associated with increased 
heart rate and preserved stroke volume leading to 
an increased cardiac output for any given abso-
lute value of oxygen uptake. The same response 
has been shown with leg blood fl ow during acute 
hypoxia. However, with sustained hypoxia, sub-
maximal exercise is associated with an increased 
heart rate but a decrease in stroke volume for any 
given absolute level of oxygen uptake. The usual 
sea level relationship between cardiac output and 
oxygen uptake is preserved in some but not all 
studies at moderate altitudes of 2,500–4,500 m, 
while other studies report a reduced cardiac 
output for a given oxygen uptake. With more 
extreme hypoxia, altitudes greater than 5,000 m, 
the cardiac output and oxygen uptake relation-
ship is similar to sea level. Maximal exercise 
capacity is reduced to a similar degree with both 
acute and sustained hypoxia, although the mech-
anisms for the reduction differ depending on the 
duration of hypoxia. With acute hypoxia, heart 
rate, stroke volume, and cardiac output are gener-
ally maintained at sea level values with reduc-
tions in arterial oxygen content responsible for 
the decrease in exercise capacity. With sustained 
hypoxia, reduction in maximal exercise capacity 
is associated with a decreased maximal heart rate 
and cardiac output that is as yet not clearly 
explained. Whether the reduction in cardiac out-
put at maximal exercise with acclimatization is 
responsible for the decrease in maximal oxygen 
uptake or is a consequence of it is one of the most 
intriguing questions in regard to human adapta-
tion to high altitude. 

 Total metabolic demands of a human performing 
high intensity exercise may increase by 10–20-
fold above resting conditions. Successful perfor-
mance of such vigorous exercise requires a 
cardiovascular system that can supply the skele-
tal muscle with adequate substrate to meet these 
demands. The remarkable responsiveness of the 
cardiovascular system facilitates increases in 
cardiac output by nearly an order of magnitude 
during high levels of exercise. It has long been 
recognized that hypoxia presents a formidable 
challenge to exercise as decrements in exercise 
capacity have been documented universally in 
high-altitude environments. Impairment of exer-
cise capacity at altitude is a multisystem process 
and the relative contribution of each organ system 
remains unclear. Key points related to cardiovas-
cular function during exercise deserve emphasis 
and are discussed below (see also Chaps.   9     and   16    ). 

    Submaximal Exercise-Acute Hypoxia 

 When compared to normoxic exercise, submaxi-
mal exercise during acute hypoxia is associated 
with an increase in muscle blood fl ow, heart rate, 
and cardiac output for any given absolute work 
rate. These features enable the maintenance of 
sea-level oxygen uptake in the face of reduced 
arterial oxygen content [ 31 ,  71 ,  75 ,  79 ,  130 ] 
(Figs.  6.5  and  6.6 ). Resting heart rate increase is 
proportional to the severity of hypoxia, and 
changes in heart rate during submaximal exercise 
are similar to those of resting heart rate. Exposure 
to hypoxia of short duration (hours) is not associ-
ated with any reduction in stroke volume.

    One simple explanation for the increase in 
heart rate during submaximal exercise is that the 
same  absolute  work rate in hypoxia represents a 
greater relative work rate (greater percentage 
of maximal oxygen uptake) compared with 
normoxia, and relative oxygen uptake appears 
to govern the cardiovascular responses to exer-
cise [ 146 ]. Yet when workload is adjusted for % 
maximal oxygen uptake, heart rate is still some-
what greater in hypoxia than in normoxia [ 5 ]. 
Increases in sympathetic stimulation, especially 
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  Fig. 6.5    Cardiac hemodynamic responses to acute 
hypoxia at simulated altitudes of 3,048 m (523 Torr) and 
4,572 m (429 Torr). The VO 2  workload relationship is 
maintained as at sea level, while both heart rate and cardiac 
output increase in a progressive fashion with greater 

hypoxia at a given workload. Stroke volume remains at or 
above sea level values. Although maximal VO 2  is lower at 
sea level, both maximal heart rate and cardiac output are 
unchanged compared to sea level with less than 1 h of 
hypoxia exposure       

  Fig. 6.6    Leg blood fl ow is greater for a given workload 
with acute hypobaric hypoxia compared to normoxia. 
During acute hypoxia, the relationship between leg VO 2  

and workload is similar to that at sea level (fi gures drawn 
from data from [ 132 ])       

the elevation in arterial epinephrine, may be 
partly responsible for this increase in heart rate 
[ 13 ]. However, studies in both humans and ani-
mals with β adrenergic blockade during acute 
hypoxia continue to show some rise in cardiac 
output and heart rate with no effect on the 

vasodilator effect of hypoxia [ 9 ]. Thus, periph-
eral factors involved in “functional sympatholy-
sis” or alternative central mechanisms may play 
a major role in the augmentation of cardiac out-
put during acute hypoxia by reducing peripheral 
resistance and afterload.  
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    Maximal Exercise—Acute Hypoxia 

 The majority of studies performed within the fi rst 
hour of acute hypoxia have shown that maximal 
heart rate and cardiac output are unchanged from 
sea level. Maximal oxygen uptake is decreased 
because of the obligatory reduction in maximal 
convective oxygen transport caused by decreased 
availability of inspired oxygen [ 5 ,  6 ]. However at 
maximal exercise, tissue oxygen extraction is 
unable to compensate for the reduced convective 
oxygen transport and maximal oxygen uptake 
falls [ 5 ,  6 ]. Similar to acute hypoxia, intracardiac 
fi lling pressures remain at or below sea level 
values aside from the hypoxic vasoconstriction- 
related rise in pulmonary arterial pressures [ 6 ].  

    Submaximal Exercise—Sustained 
Hypoxia 

 The key difference between acute hypoxia and 
sustained hypoxia with respect to exercise is the 
reduction in stroke volume, heart rate, and car-
diac output that develops with sustained hypoxic 
exposure. These reductions occur in response to 
adaptations in other organ systems such as 
increased ventilation, enhanced tissue oxygen 
extraction, and increases in hemoglobin concen-
tration. Compared to acute hypoxia, there is less 

cardiac output and limb blood fl ow at a given 
absolute work rate, and conductive oxygen deliv-
ery is supported to a greater extent by the 
increase in oxygen content in arterial blood. 
However, the degree of hypobaric hypoxia (P B ), 
the duration of exposure, and the type of exercise, 
i.e., submaximal or maximal, infl uence the 
specifi c physiological changes in cardiovascular 
function during exercise over time at high alti-
tude. Hemodynamics associated with submaximal 
exercise in sustained hypoxia is summarized in 
Table  6.4 .

   A strong and consistent direct relationship 
between cardiac output and oxygen consumption 
exists at sea level. As previously discussed, acute 
hypoxia is associated with an elevated cardiac 
output for any given oxygen uptake. With sus-
tained hypoxia, the cardiac output/oxygen uptake 
relationship varies based on the degree of altitude 
or the severity of hypoxia. At altitudes >5,000 m, 
the relationship between cardiac output and 
oxygen uptake is similar to that at sea level [ 31 , 
 72 ,  96 ,  143 ]. In contrast, at more moderate alti-
tudes (3,100–4,500 m), where there is both less 
peripheral hypoxic vasodilation and less sympa-
thetic activation, cardiac output may fall to levels 
that are actually less than those at sea level for the 
same oxygen uptake [ 74 ,  75 ,  79 ,  137 ,  147 ]. 
Studies examining climbers who have spent an 
extended period of time at high altitude have 

   Table 6.4    Sustained hypoxia—submaximal exercise hemodynamic changes   

 Altitude (m)   n   Duration  Method 
 O 2  uptake at altitude, 
L/min (mL/kg/min) 

 Response (%) a  

 References  CO  SV  HR 

 3,800  5  3–4 week  CO 2  rb  1.88 (23.3)  −7*  −14*  +9*  [ 76 ] 
 4,300  8  3 week  Dye dilut.  1.70 (23.0)  nc  −16*  +6*  [ 84 ] 
 3,100  8  10 days  Fick  1.60 (20.5)  −15  −11*  +4  [ 86 ] 
 4,300  4  2 week  Dye dilut.  1.57 (20.3)  nc  −15*  +8*  [ 84 ] 
 4,350  4  10 days  Dye dilut.  1.43 (19.6)  −23*  −32*  +24*  [ 140 ] 
 3,100  6  2–3 week  N 2 O  1.62 (21.4)  nc  −8  +13  [ 85 ] 
 4,300  12  3 week  Dye dilut.  1.77 (24.7)  −19*  −26*  +8*  [ 82 ,  87 ] 
 6,100  6  3–4 week  Thermo/Fick  1.49 (19.8)  −13  −28*  +17*  [ 43 ] 
 7,620  6  1–2 week  Thermo/Fick  1.45 (19.1)  −7  −30*  +16*  [ 43 ] 
 8,840  6  20 min  Thermo/Fick  1.18 (15.5)  +8  −26*  +25  [ 43 ] 

   Rb  Rebreathing,  dye dilut . indocyanine green dye method,  thermo  thermodilution,  nc  no change,  CO  cardiac output, 
 SV  stroke volume,  HR  heart rate 
 * p  < 0.05 versus sea level 
  a % changes from sea level, relates to    same absolute oxygen uptake at sea level and altitude  
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demonstrated consistent reductions in both 
stroke volume and cardiac output at submaximal 
workloads even after return to sea level, indicating 
that there may be a persistent alteration in the 
cardiac output–oxygen uptake relationship after 
sustained hypoxia [ 148 ,  149 ]. 

 Although heart rate remains elevated at the 
same absolute or relative submaximal work rate 
during sustained hypoxia [ 72 ,  79 ,  150 ], stroke 
volume is typically lower than at sea level 
(Fig.  6.7 ). This serves as the key factor for the 
reduction in cardiac output during acclimatiza-
tion. Similar to observations made at rest, pulmo-
nary capillary wedge pressure is also decreased 
during submaximal exercise, indicating that 
reductions in cardiac fi lling or preload and not 
decreased contractility are responsible for the 

decrease in stroke volume. Thus, even with the 
contribution of contracting muscle to augment 
venous return to the heart (skeletal muscle pump) 
during exercise, central blood volume remains 
reduced during sustained hypoxia resulting in a 
decreased stroke volume.

   One of the intriguing unanswered regulatory 
questions regarding the cardiovascular response 
to exercise during sustained hypoxia is what 
determines the interplay between central sys-
temic blood fl ow, local peripheral blood fl ow, 
and oxygen delivery/extraction. Although at 
least some of the reduction in cardiac output may 
be offset (if not induced) by an increased oxygen- 
carrying capacity of the blood, total oxygen 
delivery is virtually always reduced compared to 
sea level, and there is a greater dependence on 

  Fig. 6.7    Cardiac hemodynamic responses during exer-
cise with progressive hypoxia exposure in the Operation 
Everest II study [ 62 ]. The VO 2 –workload ( upper left ) and 
the cardiac output–workload relationships ( upper right ) 
are maintained during submaximal exercise at all altitudes. 

With progressive hypoxia, heart rate increases ( lower left ) 
and stroke volume decreases ( lower right ). The response 
of stroke volume to progressive exercise differs between 
sea level and extreme hypoxia       
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peripheral extraction [ 96 ,  143 ] (Fig.  6.8 ). This 
response occurs in spite of substantial heart rate 
and blood fl ow reserve, which could, if more 
substantially engaged, restore oxygen delivery to 
normal levels [ 75 ,  79 ].

   With prolonged sustained hypoxia, there 
appears to be a reduction in heart rate and thus 
cardiac output at any given level of submaximal 
exercise [ 75 ,  79 ]. The important observation that 
administration of supplemental O 2  during sub-
maximal exercise in acclimatized subjects results 
in a further reduction in heart rate suggests that 
oxygen content of the blood is an important 
determinant of the heart rate response [ 31 ]. Both 
arms of the autonomic nervous system have been 
investigated in this context. Vagal activity does 
not appear to be responsible for reduced submax-
imal exercise heart rate during sustained hypoxia 
as heart rate increases with atropine to the same 
degree, both at sea level and during sustained 
hypoxia to 4,300 m [ 151 ]. However, the fact that 
acute beta-blockade at high altitude reduces 
submaximal exercise heart rate to near sea 
level values [ 81 ] emphasizes the importance of 
hypoxia-induced sympathetic activation in this 
adaptation. In sum, the reductions in submaximal 
exercise heart rate that occur during sustained 
hypoxia appear to rely on improved conductive 
oxygen transport (i.e., improved tissue delivery) 
and simultaneous decrease in the responsiveness 
to sympathetic stimulation as a result of down- 

regulation of cardiac β-adrenergic receptors 
[ 83 ,  84 ]. The mechanism(s) by which arterial 
oxygen content regulates both central and periph-
eral blood fl ow during exercise remains unknown. 
Endothelial nitric oxide release, as summarized 
in a comprehensive recent review [ 152 ], appears 
to be an important mediator of this phenomenon. 
As previously discussed, animal studies suggest 
that it is the oxygen content of red blood cells, 
endothelial cell activity, and circulating mole-
cules that respond to hypoxia and dictate changes 
in blood fl ow and vascular resistance. More 
investigation is required to determine the sensing 
mechanism and factors responsible for this reg-
ulation of blood fl ow during submaximal exer-
cise with sustained hypoxia. 

    Sustained Hypoxia—Maximal Exercise 
 Virtually all studies of maximal exercise during 
sustained hypoxia show a reduction in maximal 
cardiac output (Table  6.5 ). Reductions in both 
peak heart rate and stroke volume are responsible 
for the reduced cardiac output at maximal exer-
cise to varying degrees depending on the absolute 
altitude. For example, at moderate altitudes of 
3,000–4,000 m, reductions in stroke volume are 
predominant [ 76 ,  139 ,  150 ] and are similar in 
magnitude to those observed during submaximal 
exercise. However, at altitudes of ≥4,000 m, 
reductions in maximal heart rate appear to play 
an increasingly important role [ 31 ,  143 ,  153 ,  154 ]. 

  Fig. 6.8    With progressive hypoxia exposure, oxygen uptake is maintained by an increase in oxygen extraction 
(a-v O 2 /CaO 2 ) as oxygen delivery is decreased compared to sea level (from [ 103 ])       
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This reduction in maximal cardiac output, com-
pounded by decreased arterial oxygen content, 
results in a decrease in peak O 2  delivery. Thus, 
despite appropriate acclimatization, maximal 
oxygen uptake remains reduced compared to sea 
level and is similar to the reduction observed 
with acute hypoxia. Though reductions in con-
ductive oxygen delivery are offset to some extent 
by increased tissue O 2  extraction, increased 
extraction is not suffi cient to return aggregate 
tissue oxygen supply to sea level values. It remains 
unknown whether the reduction in cardiac output 
at maximal exercise is a primary cause of, or 
secondary    to the reduction in maximal oxygen 
uptake at high altitude [ 155 ].

   In contrast to the elevated heart rate at rest and 
during submaximal exercise, there is a consistent 
reduction in maximal heart rate at virtually all 
altitudes studied. The degree of reduction in heart 
rate is dependent on the duration and severity of 
sustained hypoxia with the greatest reductions at 
the most extreme altitudes. Numerous studies 
have reported reductions in maximal heart rate 
after 2–3 weeks residence at 4,300 m [ 75 ,  76 ,  78 , 
 79 ,  139 ]. At altitudes of >5,800 m there is a 25 % 
reduction in maximal heart rate associated with a 
>60 % reduction in maximal oxygen uptake [ 31 , 
 143 ,  153 ,  154 ]. The mechanism for this reduction 
in maximal heart rate is unclear but could be 
related to a direct depressant effect of hypoxia on 

either the sinus node or central cortical irradia-
tion (central command, in practice, these differ-
ent mechanisms have been very diffi cult to 
differentiate a secondary effect of reduced work 
capacity and therefore under control of exercis-
ing skeletal muscle, or specifi c alterations in 
autonomic nervous system activity associated 
with sustained hypoxia). 

 Studies with inhalation of supplemental oxy-
gen to simulate normoxic conditions after sus-
tained hypoxia have yielded mostly expected 
results. For example, at an altitude of 4,300 m, 
abrupt restoration of normoxic conditions in 
acclimatized subjects led to an increase in heart 
rate and cardiac output with a corollary increase 
in maximal work rate and oxygen uptake [ 156 ]. 
However, cardiac output was still less than at sea 
level. Similar fi ndings were seen at an altitude of 
5,800 m with improvement in heart rate and 
oxygen uptake at maximal exercise with oxygen 
inhalation [ 143 ]. In contrast, with more pro-
longed, progressive exposure to more extreme 
altitude, there was little restoration of heart rate 
and work capacity with supplemental oxygen [ 31 ]. 
However, changes in cardiovascular function at 
maximal work capacity during sustained hypoxia 
are diffi cult to interpret as differentiating the 
impact of hypoxia from that of simple decon-
ditioning is challenging. More work is needed to 
further examine this issue. 

   Table 6.5    Sustained hypoxia—maximal exercise hemodynamic changes   

 Altitude (m)   n   Duration (days)  Method 
 O 2  uptake at altitude, 
L/min (mL/kg/min) 

 Response (%) a  

 References  CO  SV  HR 

 4,300  8  3 week  Dye dilut. b   2.42 (32.7)  +4  +14*  −4  [ 84 ] 
 4,300  4  2 week  Dye dilut.  2.61 (33.9)  −22  −19*  −3  [ 156 ] 
 4,350  4  10 days  Dye dilute.  2.41 (33.0)  −29*  −24*  −7*  [ 140 ] 
 5,000  6  10 week  CO 2  rb c   Not available  −23*  24*  nc  [ 149 ] 
 6,100  6  3–4 week  Thermo/Fick  2.10 (27.8)  −16*  −4  −14*  [ 43 ] 
 7,620  6  1–2 week  Thermo/Fick  1.45 (19.2)  −31*  −30*  −23*  [ 43 ] 
 8,848 d   6  20 min  Thermo/Fick  1.12 (14.8)  −30*  −14  −26*  [ 43 ] 

   Rb  Rebreathing,  dye dilute . indocyanine green dye method,  thermo  thermodilution,  nc  no change,  CO  cardiac output, 
 SV  stroke volume,  HR  heart rate 
 * p  < 0.05 versus sea level 
  a % changes from sea level 
  b Potential concerns about methodology of dye dilution (see [ 26 ]) 
  c Studies done immediately after descent under more normoxic conditions 
  d Only 3 subjects studied    at simulated 8,848 m altitude  
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 In addition to the known blunting of the heart 
rate response to enhanced sympathetic activity 
with prolonged hypoxia, early studies suggested 
an additional enhancement of parasympathetic 
activity with chronic hypoxia, as maximal heart 
rate was restored to sea level values with atropine 
in recently acclimatized subjects to 4,600 m 
[ 157 ]. Moreover, in lifelong high-altitude resi-
dents, atropine produces a greater increase in 
exercise heart rate compared to recently accli-
matized subjects [ 158 ]. Studies examining both 
β-adrenergic blockade and parasympathetic 
blockade in climbers residing at altitudes of 
>5,000 m suggest that the degree of parasympa-
thetic modulation of the heart is intimately infl u-
enced by the extent of cardiac sympathetic 
activity [ 81 ]. In an elegant study by Savard et al. 
[ 81 ], climbers who had the greatest reduction in 
adrenergic responsiveness also had the greatest 
increase in maximal heart rate with atropine. 
Conversely, if sympathetic responsiveness was 
minimally reduced, then the response to atropine 
was less prominent. This concept was elegantly 
proven by Boushel et al. [ 87 ] who documented 
increases in heart rate during submaximal and 
maximal exercise after administration of glyco-
pyrrolate in sustained hypoxic conditions. 
However, the glycopyrrolate-facilitated heart rate 
augmentation did not lead to increased cardiac 
output during exercise [ 87 ]. Interestingly, in all 
the studies where maximal heart rate was 
increased with atropine or glycopyrrolate, there 
was no improvement in maximal oxygen uptake, 
suggesting that the decreased maximal heart rate 
with acclimatization is unlikely to be a primary 
cause of the reduction in peak work capacity. 

 The vast majority of studies examining the 
link between peak exercise capacity and cardiac 
function have focused on the LV. To date, little 
information is available about the role of the RV 
in this context. In a study of patients born without 
a right ventricle who had undergone the Fontan 
operation (passive conduit directly from the sys-
temic veins into the pulmonary artery) there 
were fi ndings to suggest that the right ventricle 
may be an important determinant of peak exer-
cise capacity [ 159 ]. Among individuals with no 
right ventricle, completely normal LV stroke 

volume and cardiac output response were 
observed at 3,100 m both at rest and with sub-
maximal exercise. In contrast, there was a depres-
sion in stroke volume at maximal exercise, 
indicating that right ventricular dysfunction 
could contribute to the reductions in stroke 
volume during exercise with hypoxia. To what 
degree these fi ndings are applicable to sustained 
hypoxia remains unclear and further work aimed 
at examining the role of the right ventricle in sus-
tained hypoxia exercise is warranted. 

 Finally, a key unanswered question is the 
degree to which the reduction in maximal cardiac 
output at high altitude contributes to the reduc-
tion in maximal oxygen uptake. At present, most 
evidence points to the converse: that the reduc-
tion in oxygen availability/utilization is the 
primary determinant of systemic and regional 
blood fl ow [ 155 ]. Lines of evidence that support 
this hypothesis include: (1) the relationship 
between cardiac output and oxygen uptake 
remains similar to that at sea level, even at maxi-
mal exercise at extreme altitude; (2) the addition 
of supplemental oxygen results in an immediate 
increase in work rate, oxygen uptake, heart rate, 
and cardiac output; (3) increases or decreases in 
heart rate by pharmacological intervention fail to 
alter maximal oxygen uptake; and even autolo-
gous blood transfusion [ 160 ] or chronic erythro-
poietin injection [ 161 ] at altitude, which 
increases blood  volume and red cell mass, fails to 
increase maximal oxygen uptake at high altitudes 
>4,000 m. Issues related to distribution of cardiac 
output and to the degree of regional autonomic 
activation during maximal exercise with sus-
tained hypoxia remain to be elucidated before 
this hypothesis can be universally accepted.   

    Summary and Key Unanswered 
Questions—Exercise During Acute 
and Sustained Hypoxia 

 During acute hypoxia, simultaneous increases in 
central pump output and sympatholytic reduc-
tions in peripheral vascular resistance lead to 
higher cardiac output for any given oxygen 
uptake than that observed at sea level. 
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Presumably these responses ultimately maintain 
conductive oxygen transport while mechanisms 
responsible for increased skeletal muscle extrac-
tion are set into motion. With sustained hypoxia, 
cardiac output and limb blood fl ow are reduced 
in proportion to improvement in arterial oxygen-
ation afforded by the acclimatization process. At 
maximal exercise, oxygen uptake is reduced but 
the relationship between cardiac output and oxy-
gen uptake remains similar to sea level. The fac-
tors responsible for the reduction in cardiac 
output remain to be determined but there clearly 
is interplay between the autonomic nervous sys-
tem and the degree of hypoxia which influ-
ences the cardiovascular responses to exercise 
with sustained hypoxia.
    1.    What are the mechanisms responsible for 

increased blood fl ow responses during 
hypoxic exercise and are they the same as 
those recently elucidated at rest?   

   2.    What factors regulate peripheral oxygen 
extraction during exercise at both acute and 
sustained hypoxia?   

   3.    Do the changes in cardiac output and periph-
eral blood fl ow play a primary or secondary 
role in the reduced exercise capacity during 
sustained hypoxia?       

    High-Altitude Residents 
and Populations 

 Exposure to high altitude over many years leads 
to alterations in hemodynamic, autonomic, meta-
bolic, and coronary circulatory changes that may 
enhance tolerance to chronic hypoxia. Autonomic 
balance favors enhanced parasympathetic and 
reduced sympathetic activity in high-altitude 
natives, though defi nitive studies have not yet 
been done. An enhanced utilization of glucose by 
the heart in high-altitude natives appears to result 
in greater oxygen effi ciency (more high-energy 
phosphate production per molecule of oxygen) 
and may be an important factor in the preserva-
tion of cardiac function with prolonged hypoxia. 
The signifi cance of these fi ndings for cardiovas-
cular function has not been determined. There may 
be favorable changes in the coronary circulation 

of high-altitude natives that enhance myocardial 
blood fl ow and aid in myocardial protection. The 
combination of reduced coronary blood fl ow and 
enhanced vascularity may be a favorable adapta-
tion to chronic hypoxia. The mechanisms for 
these coronary responses remain to be deter-
mined. Finally, the distinction between lifelong 
acclimatization to hypoxia and population- based, 
genetic adaptations of the high-altitude native 
has yet to be determined (see also Chap.   19    ). 

 There is increasing evidence that chronic 
high-altitude dwellers, especially those born at 
high altitude, differ from sea level dwellers 
exposed to chronic hypoxia. Key hemodynamic 
differences are summarized in Fig.  6.9 . Early 
reports on the cardiovascular function of the 
Sherpas of Nepal suggested that this high-altitude 
population has unique physiological characteris-
tics that explain their superior exercise capacity 
under conditions of extreme hypoxia [ 3 ]. These 
responses include a greater heart rate and cardiac 
output at maximal exercise along with lower 
minute ventilation, a higher PCO 2 , and a normal 
blood pH compared to recently acclimatized 
lowlanders. One of the key differences between 
high- altitude natives and recently acclimatized 
lowlanders is the substantially greater red cell 
mass in the former. This difference appears to 
result in more prominent relative reductions in 
intracardiac volumes among high-altitude natives 
when compared to recently acclimatized low-
landers. For example, the higher the hematocrit 
with progressive altitude residence, the lower the 
cardiac output secondary to decreases in stroke 
volume [ 135 ].

   When high-altitude residents are taken to sea 
level, their cardiac outputs and stroke volumes 
are lower than those of sea level natives despite 
increases in plasma volume [ 74 ,  98 ,  139 ]. With 
short-term residence at sea level, cardiac output 
and stroke volume continue to increase but may 
remain lower than in sea level natives. These 
differences in stroke volume are largely attrib-
uted to changes in plasma volume [ 6 ], though 
differences in fi tness, diet, blood pressure, and 
other factors may be contributory. As such, defi n-
itive conclusions from short-term deacclimatiza-
tion studies are inconclusive. The breathing of a 
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high- oxygen mixture to simulate sea level 
conditions while the subjects remained at alti-
tude does not appear to result in any signifi cant 
hemodynamic changes [ 157 ]. However, when 
cardiac hemodynamics were studied in high-
altitude natives after 2 years of residence at sea 
level, parameters were similar to sea level natives, 
indicating that the majority of the cardiovascular 
changes with chronic hypoxia are reversible with 
prolonged exposure to normoxia. This observation 
argues against any permanent structural changes 
or fundamental genetic differences [ 162 ]. 

 A key question regarding long-term exposure 
to chronic hypoxia is whether the dramatic sym-
pathetic activation documented with short-term 
acclimatization persists or gradually abates. This 
response may be very different in individuals born 
in a hypoxic environment, compared with those 
who were born at sea level but have migrated to 
high altitudes. Studies with β-adrenergic blockade 
and atropine in Tibetans compared to newly accli-
matized Han Chinese suggest greater parasympa-
thetic activity in the high-altitude natives [ 158 ], 
manifested by greater increases in heart rate with 
atropine. Heart rate variability studies have also 
shown a greater respiratory sinus arrhythmia [ 163 ], 
though such differences simply may be a function 
of differences in respiratory rate and tidal volume. 
This is an important area for future research. 

 One of the most intriguing fi ndings in high- 
altitude natives relates to alterations in myocar-
dial metabolism. Study of Sherpa men using 

 3l P-magnetic resonance spectroscopy suggest a 
greater reliance on carbohydrate metabolism for 
energy sources by the resting myocardium. This 
study used  3l P-magnetic resonance spectroscopy 
to document lower ratios of phosphocreatine to 
ATP consistent with a threefold increase in free 
ADP concentration in the myocardium [ 164 ]. 
These metabolic conditions would accommodate 
the higher enzyme kinetic constants ( K  M ) of the 
enzymes phosphoglycerate kinase and pyruvate 
kinase, indicating enhanced capacity for carbo-
hydrate metabolism. Similar fi ndings were also 
reported in both Quechua and Sherpa subjects 
in whom an enhanced glucose uptake compared 
to sea level natives was observed with positron 
emission tomography [ 165 ]. It remains to be 
determined whether this alteration in myocardial 
substrate utilization is a phenotypic expression 
of an altered genetic myocardial adaptation in 
high- altitude natives or a common acclimatiza-
tion response seen with more short-term expo-
sure to high altitude. 

 Limited studies in high-altitude natives also 
suggest that there are changes in coronary anat-
omy and physiology that may be protective in the 
setting of chronic hypoxia. Resting coronary 
blood fl ow has been shown to decline progres-
sively with increasing altitude residence [ 166 ]. 
However, myocardial oxygen consumption is 
also lower at rest in high-altitude natives, a 
 fi nding that differs from studies of recently 
 acclimatized newcomers to altitude [ 136 ]. 

  Fig. 6.9    Native Tibetans have higher heart rates and 
lower stroke volume indices at rest and during exercise 
compared to North American men. Cardiac index, however, 
is similar between the groups. VO 2  values were similar at 

identical workloads in both subject groups. Figures 
drawn from data on sea level subjects from Operation 
Everest II [ 43 ] and from lifelong residents of Tibet at 
3,658 m (Groves et al. J Appl Physiol 1993; 74:312–318)       
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Differences in methodology and the possible 
inclusion of patients with chronic mountain sick-
ness make these data diffi cult to interpret. 
Pathological studies on high-altitude natives also 
demonstrate that lifelong exposure to hypoxia is 
associated with a more abundant coronary vascu-
lar bed with a greater density of peripheral branch-
ing of smaller coronary vessels [ 167 ]. The 
signifi cance of these fi ndings remains unclear and 
is hard to separate from population differences in 
diet, physical activity, and genetic susceptibility 
to coronary artery disease. However, it is possible 
that coronary adaptations to chronic hypoxia, sim-
ilar to the increased collateralization seen with 
chronic myocardial ischemia [ 168 ], could result 
in more effective myocardial vascularization with 
greater surface area of oxygen diffusion. Such 
adaptations could be responsible for a possible 
protective effect of long-term residence at high 
altitude against coronary artery disease [ 169 ]. 

 In addition, there may be signifi cant differ-
ences among geographically distinct groups 
of chronic high-altitude dwellers. For example, 
Himalayan highlanders have been reported to 
have lower hemoglobin concentrations, higher 
plasma volumes, and a more robust hypoxic 
ventilatory response than residents of similar 
elevation from the South American Andes 
[ 170 – 172 ]. In addition, comparison of data from 
separate studies suggests that Andean natives 
may have higher pulmonary arterial pressures 
than Tibetan counterparts [ 173 ,  174 ]. It has been 
postulated that such geographically distinct 
patterns of high- altitude physiology may refl ect 
differences in time intervals that these respective 
populations have spent at high altitude and or 
differences in underlying genetics [ 175 ]. For 
example, populations found in the Tibetan 
Plateau are thought to have migrated there more 
than 20,000 years ago while Andean high-
altitude populations have spent only half that 
time at high altitude. To date, there are insuffi -
cient data to determine if high- altitude physiology 
truly differs with geography and if so, what 
underlies the differences observed across high-
altitude populations. Direct comparative study of 
cardiovascular function at rest and during exer-
cise across different native high- altitude popula-
tions is an important area of future work. 

    Summary and Key Unanswered 
Questions—High-Altitude Populations 

 In summary, there are various hemodynamic, 
autonomic, metabolic, and possibly coronary 
structural adaptations that occur in long-term 
residents at high altitude that may contribute to 
preservation of cardiovascular function. The time 
course and the factors responsible for many of 
these changes have not been determined. The 
heterogeneous responses to sustained high-altitude 
exposure may relate to different genetic suscep-
tibility as well as to alterations in controlling 
mechanisms of cardiovascular function.
    1.    What is the time course for the various cardio-

vascular adaptations observed in high-altitude 
natives?   

   2.    How do alterations in autonomic activity 
infl uence the cardiovascular adaptations to 
chronic hypoxia in high-altitude residents?   

   3.    Are there actual genotypic changes that result 
from generations of chronic hypoxia expo-
sure, or are there changes reversible with pro-
longed normoxic exposure?       

    Cardiovascular Disease at High 
Altitude—Clinical Correlations 

 Although the cardiovascular system appears to 
function normally at rest and during exercise at 
high altitude, the effect of hypoxia on cardiac 
function in patients with underlying cardiovas-
cular disease has not been well defi ned. Current 
understanding of the impact of hypoxia on the 
manifestation and progression of cardiac disease 
is based on limited data. 

 In theory, exposure to hypoxia in patients with 
preexisting cardiovascular disease could precipi-
tate new symptoms not present at sea level or 
could accentuate mild preexisting symptoms. 
Exposure to high altitude presents several stresses 
that may exacerbate the clinical manifestations of 
underlying cardiac disease. These include the 
degree of hypoxia itself, alkalosis, heightened 
sympathetic activity, elevated systemic blood 
pressure and heart rate, and increased blood 
viscosity. Exercise at altitude also may be an 
important factor, as any submaximal work load at 
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altitude is at a higher percentage of maximal 
oxygen uptake than at sea level and thereby 
requires increased cardiac work. Clinical issues 
of particular concern include the provocation of 
myocardial ischemia and acute unstable coronary 
syndromes, the triggering of cardiac arrhyth-
mias, and the precipitation or exacerbation of 
heart failure. 

    Myocardial Ischemia and Infarction 

 In patients with known coronary disease, expo-
sure to the hypoxia of high altitude may result in 
myocardial ischemia, especially during exercise. 
Indeed, prior to the initiation of exercise testing, 
a typical test for the provocation of myocardial 
ischemia was the “Levy test” exposing patients 
to an altitude equivalent to 18,000 ft. (Fig.  6.10 ). 
There is surprisingly limited information avail-
able regarding the risk of ischemia in patients 
with coronary disease during acute or sustained 
hypoxia. Extreme hypoxia alone does not appear 
to cause any clinical or ECG evidence of isch-
emia in the absence of atherosclerotic disease 
[ 71 ,  123 ]. However, the vasomotor response of 
coronary arteries, especially via endothelial- 
dependent mechanisms, has been shown to be 
abnormal in patients with atherosclerotic 

 coronary disease. For example, intracoronary 
infusion of acetylcholine, an endothelial-depen-
dent vasodilator in normal vessels, causes vaso-
constriction in diseased coronary vessels 
[ 176 ]. A similar observation has been noted dur-
ing exercise at sea level in coronary patients 
where vasoconstriction, rather than vasodilation, 
can occur in diseased coronary segments [ 177 ]. 
Recently, Arbab-Zadeh et al. examined the coro-
nary arterial response to hypoxia in patients 
with angiographically documented coronary athero-
sclerosis [ 103 ]. They found that the normal 
hypoxic coronary vasodilation failed to occur in 
arterial segments with preexisting narrowing. Of 
note, this fi nding was observed at moderate 
(FiO 2  = 0.15) and more severe (FiO 2  = 0.10) levels 
of hypoxemia. In addition, there are data docu-
menting blunted exercise-induced myocardial 
fl ow reserve among patients with coronary dis-
ease [ 34 ]. These fi ndings raise concern about 
the ability of individuals with preexisting athero-
sclerotic coronary disease to tolerate acute bouts 
of hypoxia such as those inherent to rapid ascents 
to high altitude. Clinical    correlations will be 
required to address this concern.

   Acute coronary syndromes including unstable 
angina and myocardial infarction are caused by 
disruption of atherosclerotic plaque and localized 
thrombus formation. Local factors    that predis-
pose to this syndrome include the presence of 
lipid-rich plaque, vasoconstriction, and thrombus 
formation [ 178 ]. Systemic factors are also impor-
tant and include increased catecholamine levels, 
an abnormal coagulation and fi brinolysis profi le, 
abnormal metabolic states (diabetes, homocyste-
inemia), and shear forces in the vessels as can 
occur with hypertension. Although there have not 
been any reported coagulation abnormalities with 
hypoxia [ 179 ], other factors such as hyperten-
sion, heightened sympathetic activity, and possibly 
coronary vasoconstriction could lead to plaque 
disruption in the susceptible patient with lipid-
laden plaques while at altitude. A report examin-
ing some relevant cardiovascular parameters in 
an “at-risk” population provides some reassuring 
results. Schobersberger et al. reported the impact 
of a 3-week sojourn at 1,700 m on blood pres-
sure, heart rate, glycemic parameters, and lipid 

  Fig. 6.10    Representative electrocardiographic tracings 
obtained during performance of the “Levy Test” during 
which patients are exposed to an altitude equivalent to 
18,000 ft. in an attempt to diagnose coronary arterial fl ow 
insuffi ciency       
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metabolism in 22 males with metabolic syn-
drome [ 180 ]. In addition to complete freedom 
from adverse clinical events, these subjects were 
found to have favorable short-term cardiovascu-
lar responses including reduced heart rate and 
blood pressure during altitude exposure. Exercise 
may be a relevant factor as it has been found to 
be an important cause of plaque rupture at sea 
level [ 181 ]. 

 Despite these theoretical reasons for increased 
cardiac risk at high altitude, the limited available 
data suggest that altitude exposure is generally 
well tolerated by patients with coronary disease 
and there is evidence that birth or long-term 
living at high altitude may protect against coro-
nary heart disease [ 182 ]. Coronary patients resid-
ing at 1,600 m developed objective evidence of 
myocardial ischemia at a lower exercise work-
load upon initial arrival at 3,100 m [ 183 ]. 
However, after 5 days of acclimatization to the 
higher altitude, their ischemic pattern returned to 
their baseline level. In these partially altitude- 
acclimatized individuals, there was no change in 
the ischemic threshold (heart rate–systolic blood 
pressure product at the onset of ischemia) with 
acute or prolonged exposure to hypoxia. In con-
trast, sea level natives with coronary artery dis-
ease studied under conditions of acute hypoxia in 
a hypobaric chamber at a simulated altitude of 
2,500 m did develop myocardial ischemia at a 
lower hemodynamic threshold compared to 
normoxic conditions [ 8 ]. However, these patients 
when studied after 5 days of residence at 2,500 m 
only developed ischemia at their sea level thresh-
old. Thus, it appeared that the initial adverse 
response to acute hypoxia was reversible with 
even short-term acclimatization.  

    Cardiac Arrhythmias 

 There is limited information on the occurrence of 
cardiac arrhythmias at high altitude. In elderly 
patients with either an increased risk for or known 
coronary disease, there were no signifi cant 
arrhythmias noted by either short-term ECG 
monitoring at rest or exercise electrocardiogra-
phy with acute or more prolonged exposure to 

2,500 m [ 8 ]. In these same subjects, there 
were no hypoxia-related abnormalities in rest-
ing signal- averaged ECG recordings, a sensitive 
marker for the presence of a myocardial electro-
physiological substrate conducive for arrhythmia 
production. Recently, Gibelli et al. used micro-
volt T-wave alternans testing, a documented 
method of risk stratifi cation for ventricular 
tachyarrhythmias [ 184 ], to examine arrhythmic 
potential in healthy climbers ( n  = 8) during a 
climbing excursion to 8,150 m. Despite con-
fi rmed evidence of increased sympathetic 
activity, t-wave alternans testing did not suggest 
an increased risk of malignant rhythm events. 
One small study by Woods et al. used implant-
able loop recorders in healthy subjects ( n  = 9) 
during a high-altitude trek in Nepal [ 185 ]. In this 
small group, palpitations were frequent and were 
found to correlate with underlying atrial fl utter, 
sinus arrhythmia, nonconducted p-waves, and 
ST-segment depression. Aside from the Woods 
study, the majority of data argue against signifi -
cant arrhythmia during acute or sustained hypoxia 
in individuals without preexisting heart disease. 
Further work will be required to resolve this issue 
defi nitively. 

 To date, no occurrence of signifi cant cardiac 
arrhythmias has been reported in any study of 
heart disease patients at high altitude. However, 
most of these studies did not include patients with 
signifi cant left ventricular systolic dysfunction or 
prior history of malignant arrhythmias. In one 
small study of patients with a reduced mean left 
ventricular ejection fraction of 39 %, no arrhyth-
mias were reported during exercise at 2,500 m 
[ 186 ]. An interesting observation regarding the 
management of atrial fi brillation anticoagulation 
was recently provided by Van Patot and colleagues 
who documented an increased risk of subthera-
peutic INR values among patients after ascent to 
altitude [ 187 ]. This observational study is note-
worthy but requires clarifi cation and was not 
suffi cient to provide mechanistic interpretation. 
Further work at high altitudes with larger numbers 
of patients with a greater clinical likelihood of car-
diac arrhythmias is required before any defi nitive 
statement can be made about the risks and clinical 
relevance of arrhythmia during altitude exposure.  
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    Heart Failure 

 Although the myocardium functions normally 
under conditions of acute and sustained hypoxia, 
it is unclear how a heart with underlying LV sys-
tolic function would tolerate these conditions. 
In theory, the stimuli leading to increased cardiac 
output with acute hypoxia and the systemic vaso-
constriction that occurs with more prolonged 
exposure could precipitate decompensated heart 
failure in patients with preexisting LV dysfunc-
tion. Although the usual cardiac response to pro-
longed hypoxia is a reduction in end-diastolic 
volume with a maintained or increased ejection 
fraction [ 100 ], echocardiographic studies in 
coronary subjects living in Denver, CO (1,600 m), 
who spent 5 days at 3,100 m demonstrated an 
increase in end-diastolic and end-systolic dimen-
sions with a fall in LVEF from 51 % at 1,600 m 
to 37 % at 3,100 m [ 188 ]. These results are 
contradictory to those of another study at 2,500 m 
in which sea level residents with known coronary 
disease were studied after 5 days at altitude and 
were found to have no echocardiographic abnor-
malities [ 8 ]. Patients with known left ventricular 
dysfunction who were exercised at 2,500 m were 
found to have the same decrement in exercise 
capacity as normal age-matched subjects and no 
adverse cardiovascular events were noted after 2 
days at moderate altitude in these patients [ 186 ]. 

 Sea level residents with chronic heart failure 
have been studied while exercising at different 
degrees of acute normobaric hypoxia equivalent 
to altitudes varying from 1,000 to 3,000 m [ 189 ]. 
These patients, all of whom had reduced exercise 
capacity when compared to normal subjects, had 
a similar response to progressive hypoxia in 
regards to arterial oxygen saturation, exercise 
ventilation, heart rate, and blood pressure. In normal 
subjects there was a 3 % decrement in maximal 
exercise capacity for each 1,000 m in elevation. 
Heart failure patients with a sea level maximal 
uptake greater than 15 mL/kg/min had a similar 
decrement of 5 % per each 1,000 m. However, 
patients with maximal oxygen uptake less than 
15 mL/kg/min at sea level had a more marked 
reduction in exercise capacity, with an 11 % 

reduction for each 1,000 m of elevation. This 
reduction in exercise capacity probably refl ected 
the inability to increase cardiac output in response 
to acute reductions in arterial oxygenation. No 
data are available in more prolonged hypoxia 
exposure in heart failure patients. In addition, 
all these patients were on heart failure medica-
tions that may have modifi ed the cardiovascular 
responses to hypoxia. 

 In summary, there is limited information on 
altitude tolerance in patients with cardiovascular 
disease. Hypoxia-induced coronary vasoconstric-
tion is a particularly intriguing concept that needs 
to be explored. The limited data would suggest 
that moderate altitude exposure (2,500–3,100 m) 
is well tolerated by stable coronary patients with 
normal or moderately depressed ventricular 
function. Although diffi cult to obtain, more 
information is needed in this important area of 
high-altitude medicine. 

   Sudden Death in the High-Altitude 
Environment 
 Despite concerns elucidated in the previous 
sections, available data suggest that performance 
of vigorous physical activity in moderately 
high- altitude environments such as those typi-
cally obtained by recreational mountains is rela-
tively safe. Specifi cally, Burtscher et al. reported 
estimated sudden cardiac death rates of 1:780,000 
hiking hours and 1:1,630,000 skiing hours based 
on retrospective data from the Austrian Alps [ 190 ]. 
More recently, Ponchia et al. reported estimated 
cardiovascular event rates of 1 per 319 000 person-
days of physical activity in the mountains, 1 sudden 
cardiac death per 980,000 person-days of physical 
activity, and 1 acute coronary syndrome per 
2,895,000 person-days of physical activity in the 
mountains [ 191 ]. Careful examination of these 
data strongly suggests that increasing age, prior 
low activity exposure, and preexisting traditional 
cardiovascular risk factors are important deter-
minants of cardiovascular event risk at high alti-
tude. This notion is further substantiated by a 
recent report in which Burtscher et al. studied 
cases of sudden death in the mountains and found 
that victims were more likely to have had prior 
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MI, known coronary artery disease without prior 
MI, diabetes, hypercholesterolemia, and less 
prior experience with mountain sports activities 
than matched controls [ 192 ]. It should be noted 
that there are presently sparse data examining 
cardiovascular outcomes at high or extreme altitude.  

   Recommendations and Key 
Unanswered Questions—Clinical 
Correlations 
 Based on the above information, we suggest 
that patients with cardiac disease should be 
evaluated at sea level prior to ascent to altitude 
to insure a stable disease state and to document 
objective measures of exercise capacity. We 
suggest that patients with known coronary dis-
ease limit their physical activity during the fi rst 
few days at altitude to allow the favorable effects 
of acclimatization to occur. Recommendations 
for patients with left ventricular dysfunction 
are more diffi cult to determine. However, it 
appears that patients with mild to moderate 
ventricular dysfunction should be able to toler-
ate moderate altitude without serious adverse 
consequences. In questionable cases, nocturnal 
oxygen supplementation should be considered 
and medications used at sea level should be con-
tinued at altitude. Patients with more signifi cant 
cardiac impairment at sea level, especially with 
signifi cant exercise limitation, should not travel 
to high altitude in the absence of supplemental 
oxygen to simulate normoxic conditions. An 
intriguing issue that deserves future attention is 
the use of normobaric hypoxic exercise testing 
as a routine component of prealtitude ascent risk 
stratifi cation in patients with underlying cardiac 
disease.
    1.    Can hypoxia alone lead to instability of coro-

nary vascular lesions and vasomotor tone with 
the precipitation of unstable coronary syndromes 
and possibly acute myocardial infarction?   

   2.    Does exposure to acute or sustained hypoxia 
increase the likelihood of arrhythmias in 
patients with cardiovascular disease?   

   3.    What are the implications of altitude exposure 
on patients with reduced ventricular function 
at sea level?           

   References 

    1.    Grollman A. Physiological variations of the cardic 
output of man. VII. The effects of high altitude on 
the cardiac output and its related functions: an 
account of experiments conducted on the summit 
of Pikes Peak, Colorado. Am J Physiol. 1930;93:
19–40.  

    2.    Doyle JT, Wilson JS, Warren JV. The pulmonary 
vascular responses to short-term hypoxia in human 
subjects. Circulation. 1952;5(2):263–70.  

     3.    Wescott RN, Fowler NO, Scott RC, Hauenstein VD, 
McGuire J. Anoxia and human pulmonary vascular 
resistance. J Clin Invest. 1951;19:957–70.  

          4.    Vogel JA, Harris CW. Cardiopulmonary responses 
of resting man during early exposure to high altitude. 
J Appl Physiol. 1967;22(6):1124–8.  

       5.    Stenberg J, Ekblom B, Messin R. Hemodynamic 
response to work at simulated altitude, 4,000 m. 
J Appl Physiol. 1966;21(5):1589–94.  

           6.    Wagner PD, Gale GE, Moon RE, Torre-Bueno JR, 
Stolp BW, Saltzman HA. Pulmonary gas exchange 
in humans exercising at sea level and simulated 
altitude. J Appl Physiol. 1986;61(1):260–70.  

    7.    Wagner JA, Miles DS, Horvath SM. Physiological 
adjustments of women to prolonged work during 
acute hypoxia. J Appl Physiol. 1980;49(3):367–73.  

        8.    Levine BD, Zuckerman JH, deFilippi CR. Effect of 
high-altitude exposure in the elderly: the Tenth 
Mountain Division study. Circulation. 1997;96(4):
1224–32.  

        9.    Richardson DW, Kontos HA, Raper AJ, Patterson Jr 
JL. Modifi cation by beta-adrenergic blockade of the 
circulatory respones to acute hypoxia in man. J Clin 
Invest. 1967;46(1):77–85.  

     10.    Koller EA, Drechsel S, Hess T, Macherel P, 
Boutellier U. Effects of atropine and propranolol on 
the respiratory, circulatory, and ECG responses to 
high altitude in man. Eur J Appl Physiol Occup 
Physiol. 1988;57(2):163–72.  

    11.    Cunningham WL, Becker EJ, Kreuzer F. 
Catecholamines in plasma and urine at high altitude. 
J Appl Physiol. 1965;20(4):607–10.  

     12.    Mazzeo RS, Wolfel EE, Butterfi eld GE, Reeves JT. 
Sympathetic response during 21 days at high altitude 
(4,300 m) as determined by urinary and arterial cate-
cholamines. Metabolism. 1994;43(10):1226–32.  

     13.    Mazzeo RS, Bender PR, Brooks GA, Butterfi eld GE, 
Groves BM, Sutton JR, et al. Arterial catecholamine 
responses during exercise with acute and chronic 
high-altitude exposure. Am J Physiol. 1991;261
(4 Pt 1):E419–24.  

    14.    Leuenberger U, Gleeson K, Wroblewski K, Prophet 
S, Zelis R, Zwillich C, et al. Norepinephrine clear-
ance is increased during acute hypoxemia in humans. 
Am J Physiol. 1991;261(5 Pt 2):H1659–64.  

    15.    Perini R, Milesi S, Biancardi L, Veicsteinas A. 
Effects of high altitude acclimatization on heart rate 

A.L. Baggish et al.



133

variability in resting humans. Eur J Appl Physiol 
Occup Physiol. 1996;73(6):521–8.  

    16.    Brown TE, Beightol LA, Koh J, Eckberg DL. 
Important infl uence of respiration on human R-R 
interval power spectra is largely ignored. J Appl 
Physiol. 1993;75(5):2310–7.  

    17.    Shibata S, Zhang R, Hastings J, Fu Q, Okazaki K, 
Iwasaki K, et al. Cascade model of ventricular- 
arterial coupling and arterial-cardiac barorefl ex 
function for cardiovascular variability in humans. 
Am J Physiol Heart Circ Physiol. 2006;291(5):
H2142–51.  

    18.    Piepoli M, Sleight P, Leuzzi S, Valle F, Spadacini G, 
Passino C, et al. Origin of respiratory sinus arrhyth-
mia in conscious humans. An important role for 
arterial carotid baroreceptors. Circulation. 1997;
95(7):1813–21.  

    19.    Grassman E, Blomqvist CG. Absence of respiratory 
sinus arrhythmia: a manifestation of the sick sinus 
syndrome. Clin Cardiol. 1983;6(4):151–4.  

    20.    Somers VK, Mark AL, Abboud FM. Interaction of 
baroreceptor and chemoreceptor refl ex control of 
sympathetic nerve activity in normal humans. J Clin 
Invest. 1991;87(6):1953–7.  

    21.    Saito M, Mano T, Iwase S, Koga K, Abe H, Yamazaki 
Y. Responses in muscle sympathetic activity to acute 
hypoxia in humans. J Appl Physiol. 1988;65(4):
1548–52.  

     22.    Duplain H, Vollenweider L, Delabays A, Nicod P, 
Bartsch P, Scherrer U. Augmented sympathetic acti-
vation during short-term hypoxia and high-altitude 
exposure in subjects susceptible to high-altitude pul-
monary edema. Circulation. 1999;99(13):1713–8.  

    23.    Eckberg DL, Bastow III H, Scruby AE. Modulation 
of human sinus node function by systemic hypoxia. 
J Appl Physiol. 1982;52(3):570–7.  

    24.    Kahler RL, Goldblatt A, Braunwald E. The effects of 
acute hypoxia on the systemic venous and arterial 
systems and on myocardial contractile force. J Clin 
Invest. 1962;41:1553–63.  

     25.    Neubauer JA, Sunderram J. Oxygen-sensing neurons 
in the central nervous system. J Appl Physiol. 
2004;96(1):367–74.  

     26.    Miffl in SW, Felder RB. Synaptic mechanisms regu-
lating cardiovascular afferent inputs to solitary tract 
nucleus. Am J Physiol. 1990;259(3 Pt 2):H653–61.  

    27.    Dias AC, Vitela M, Colombari E, Miffl in SW. Nitric 
oxide modulation of glutamatergic, barorefl ex, and 
cardiopulmonary transmission in the nucleus of the 
solitary tract. Am J Physiol Heart Circ Physiol. 
2005;288(1):H256–62.  

    28.    Reeves SR, Gozal D. Protein kinase C activity in the 
nucleus tractus solitarii is critically involved in the 
acute hypoxic ventilatory response, but is not 
required for intermittent hypoxia-induced phrenic 
long-term facilitation in adult rats. Exp Physiol. 
2007;92(6):1057–66.  

    29.    Reeves SR, Carter ES, Guo SZ, Gozal D. Calcium/
calmodulin-dependent kinase II mediates critical 
components of the hypoxic ventilatory response 

within the nucleus of the solitary tract in adult 
rats. Am J Physiol Regul Integr Comp Physiol. 
2005;289(3):R871–6.  

    30.      Hultgren HN. The systemic circulation. In: High 
altitude medicine. Stanford, CA: Hultgren 
Publications; 1997:33–63.  

                31.    Reeves JT, Groves BM, Sutton JR, Wagner PD, 
Cymerman A, Malconian MK, et al. Operation 
Everest II: preservation of cardiac function at 
extreme altitude. J Appl Physiol. 1987;63(2):531–9.  

    32.    Pool PE, Covell JW, Chidsey CA, Braunwald E. 
Myocardial high energy phosphate stores in acutely 
induced hypoxic heart failure. Circ Res. 1966;19:
221–9.  

    33.    Kaufmann PA, Schirlo C, Pavlicek V, Berthold T, 
Burger C, von Schulthess GK, et al. Increased myo-
cardial blood fl ow during acute exposure to simu-
lated altitudes. J Nucl Cardiol. 2001;8(2):158–64.  

     34.    Wyss CA, Koepfl i P, Fretz G, Seebauer M, Schirlo C, 
Kaufmann PA. Infl uence of altitude exposure on 
coronary fl ow reserve. Circulation. 2003;108(10):
1202–7.  

    35.    Chen CH, Liu YF, Lee SD, Huang CY, Lee WC, Tsai 
YL, et al. Altitude hypoxia increases glucose uptake 
in human heart. High Alt Med Biol. 2009;10(1):83–6.  

    36.    Adrogue JV, Sharma S, Ngumbela K, Essop MF, 
Taegtmeyer H. Acclimatization to chronic hypobaric 
hypoxia is associated with a differential transcrip-
tional profi le between the right and left ventricle. 
Mol Cell Biochem. 2005;278(1–2):71–8.  

    37.    Onishi K, Sekioka K, Ishisu R, Tanaka H, Nakamura 
M, Ueda Y, et al. Decrease in oxygen cost of contrac-
tility during hypocapnic alkalosis in canine hearts. 
Am J Physiol. 1996;270(6 Pt 2):H1905–13.  

    38.    Heistad DD, Abboud FM, Dickinson W. Richards 
lecture: circulatory adjustments to hypoxia. 
Circulation. 1980;61(3):463–70.  

    39.    Rowell LB, Saltin B, Kiens B, Christensen NJ. Is 
peak quadriceps blood fl ow in humans even higher 
during exercise with hypoxemia? Am J Physiol. 
1986;251(5 Pt 2):H1038–44.  

    40.    Hartley LH, Vogel JA, Landowne M. Central, femo-
ral, and brachial circulation during exercise in 
hypoxia. J Appl Physiol. 1973;34(1):87–90.  

    41.    Remensnyder JP, Mitchell JH, Sarnoff SJ. Functional 
sympatholysis during muscular activity. Obser-
vations on infl uence of carotid sinus on oxygen 
uptake. Circ Res. 1962;11:370–80.  

    42.    Hansen J, Thomas GD, Harris SA, Parsons WJ, 
Victor RG. Differential sympathetic neural control 
of oxygenation in resting and exercising human skel-
etal muscle. J Clin Invest. 1996;98(2):584–96.  

            43.    Thomas GD, Hansen J, Victor RG. ATP-sensitive 
potassium channels mediate contraction-induced 
attenuation of sympathetic vasoconstriction in rat 
skeletal muscle. J Clin Invest. 1997;99(11):2602–9.  

    44.    Thomas GD, Victor RG. Nitric oxide mediates 
contraction- induced attenuation of sympathetic 
vasoconstriction in rat skeletal muscle. J Physiol. 
1998;506(Pt 3):817–26.  

6 Cardiovascular System



134

    45.    Kojonazarov BK, Imanov BZ, Amatov TA, 
Mirrakhimov MM, Naeije R, Wilkins MR, et al. 
Noninvasive and invasive evaluation of pulmonary 
arterial pressure in highlanders. Eur Respir J. 
2007;29(2):352–6.  

    46.    Knight DR, Schaffartzik W, Poole DC, Hogan MC, 
Bebout DE, Wagner PD. Effects of hyperoxia on 
maximal leg O2 supply and utilization in men. 
J Appl Physiol. 1993;75(6):2586–94.  

    47.    Hackett JG, Abboud FM, Mark AL, Schmid PG, 
Heistad DD. Coronary vascular responses to stimu-
lation of chemoreceptors and baroreceptors: evi-
dence for refl ex activation of vagal cholinergic 
innervation. Circ Res. 1972;31(1):8–17.  

    48.    Singel DJ, Stamler JS. Chemical physiology of 
blood fl ow regulation by red blood cells: the role of 
nitric oxide and S-nitrosohemoglobin. Annu Rev 
Physiol. 2005;67:99–145.  

    49.    Gonzalez-Alonso J, Mortensen SP, Dawson EA, 
Secher NH, Damsgaard R. Erythrocytes and the 
regulation of human skeletal muscle blood fl ow and 
oxygen delivery: role of erythrocyte count and 
oxygenation state of haemoglobin. J Physiol. 
2006;572(Pt 1):295–305.  

     50.    Ellsworth ML, Forrester T, Ellis CG, Dietrich HH. 
The erythrocyte as a regulator of vascular tone. Am 
J Physiol. 1995;269(6 Pt 2):H2155–61.  

    51.    Rosenmeier JB, Yegutkin GG, Gonzalez-Alonso J. 
Activation of ATP/UTP-selective receptors increases 
blood fl ow and blunts sympathetic vasoconstriction 
in human skeletal muscle. J Physiol. 2008;586
(Pt 20):4993–5002.  

    52.    Dietrich HH, Ellsworth ML, Sprague RS, Dacey Jr 
RG. Red blood cell regulation of microvascular tone 
through adenosine triphosphate. Am J Physiol Heart 
Circ Physiol. 2000;278(4):H1294–8.  

    53.    Abraham EH, Sterling KM, Kim RJ, Salikhova AY, 
Huffman HB, Crockett MA, et al. Erythrocyte mem-
brane ATP binding cassette (ABC) proteins: MRP1 
and CFTR as well as CD39 (ecto-apyrase) involved 
in RBC ATP transport and elevated blood plasma 
ATP of cystic fi brosis. Blood Cells Mol Dis. 
2001;27(1):165–80.  

   54.    Sprague RS, Ellsworth ML, Stephenson AH, 
Kleinhenz ME, Lonigro AJ. Deformation-induced 
ATP release from red blood cells requires CFTR 
activity. Am J Physiol. 1998;275(5 Pt 2):H1726–32.  

    55.    Sprague RS, Bowles EA, Hanson MS, DuFaux EA, 
Sridharan M, Adderley S, et al. Prostacyclin analogs 
stimulate receptor-mediated cAMP synthesis and 
ATP release from rabbit and human erythrocytes. 
Microcirculation. 2008;15(5):461–71.  

    56.    Walsh MP, Marshall JM. The early effects of chronic 
hypoxia on the cardiovascular system in the rat: role 
of nitric oxide. J Physiol. 2006;575(Pt 1):263–75.  

    57.    Ray CJ, Marshall JM. Measurement of nitric oxide 
release evoked by systemic hypoxia and adenosine 
from rat skeletal muscle in vivo. J Physiol. 
2005;568(Pt 3):967–78.  

    58.    Pyner S, Coney A, Marshall JM. The role of free 
radicals in the muscle vasodilatation of systemic 
hypoxia in the rat. Exp Physiol. 2003;88(6):733–40.  

     59.    Cosby K, Partovi KS, Crawford JH, Patel RP, Reiter 
CD, Martyr S, et al. Nitrite reduction to nitric oxide 
by deoxyhemoglobin vasodilates the human circula-
tion. Nat Med. 2003;9(12):1498–505.  

     60.    Maher AR, Milsom AB, Gunaruwan P, Abozguia K, 
Ahmed I, Weaver RA, et al. Hypoxic modulation of 
exogenous nitrite-induced vasodilation in humans. 
Circulation. 2008;117(5):670–7.  

    61.    Liu X, Srinivasan P, Collard E, Grajdeanu P, Lok K, 
Boyle SE, et al. Oxygen regulates the effective diffu-
sion distance of nitric oxide in the aortic wall. Free 
Radic Biol Med. 2010;48(4):554–9.  

     62.    Dalsgaard T, Simonsen U, Fago A. Nitrite-dependent 
vasodilation is facilitated by hypoxia and is indepen-
dent of known NO-generating nitrite reductase 
activities. Am J Physiol. 2007;292(6):H3072–8.  

    63.    Vanhatalo A, Fulford J, Bailey SJ, Blackwell JR, 
Winyard PG, Jones AM. Dietary nitrate reduces 
muscle metabolic perturbation and improves exer-
cise tolerance in hypoxia. J Physiol. 2012;589
(Pt 22):5517–28.  

    64.    Diesen DL, Hess DT, Stamler JS. Hypoxic vasodila-
tion by red blood cells: evidence for an s-nitrosothiol- 
based signal. Circ Res. 2008;103(5):545–53.  

    65.    Isbell TS, Sun CW, Wu LC, Teng X, Vitturi DA, 
Branch BG, et al. SNO-hemoglobin is not essential 
for red blood cell-dependent hypoxic vasodilation. 
Nat Med. 2008;14(7):773–7.  

    66.    Coney AM, Marshall JM. Contribution of alpha2- 
adrenoceptors and Y1 neuropeptide Y receptors to 
the blunting of sympathetic vasoconstriction induced 
by systemic hypoxia in the rat. J Physiol. 2007;582(Pt 
3):1349–59.  

    67.   Hultgren HN. Circulatory responses to acute hypoxia 
in normal subjects at sea level. In: High altitude 
medicine. Stanford, CA: Hultgren Publications; 
1997. p. 34.  

     68.    Wolfel EE, Selland MA, Mazzeo RS, Reeves JT. 
Systemic hypertension at 4,300 m is related to 
sympathoadrenal activity. J Appl Physiol. 1994;
76(4):1643–50.  

    69.    Nielsen AM, Bisgard GE, Vidruk EH. Carotid chemo-
receptor activity during acute and sustained hypoxia 
in goats. J Appl Physiol. 1988;65(4):1796–802.  

     70.    Klausen K. Cardiac output in man in rest and work 
during and after acclimatization to 3,800 m. J Appl 
Physiol. 1966;21(2):609–16.  

        71.    Karliner JS, Sarnquist FF, Graber DJ, Peters Jr RM, 
West JB. The electrocardiogram at extreme altitude: 
experience on Mt. Everest. Am Heart J. 1985;109(3 
Pt 1):505–13.  

     72.    Houston CS, Riley RL. Respiratory and circulatory 
changes during acclimatization to high altitude. Am 
J Physiol. 1947;140:565–88.  

     73.    Fowles RE, Hultgren HN. Left ventricular function 
at high altitude examined by systolic time intervals 

A.L. Baggish et al.



135

and M-mode echocardiography. Am J Cardiol. 
1983;52(7):862–6.  

         74.    Alexander JK, Hartley LH, Modelski M, Grover RF. 
Reduction of stroke volume during exercise in man 
following ascent to 3,100 m altitude. J Appl Physiol. 
1967;23(6):849–58.  

            75.    Wolfel EE, Groves BM, Brooks GA, Butterfi eld GE, 
Mazzeo RS, Moore LG, et al. Oxygen transport 
during steady-state submaximal exercise in chronic 
hypoxia. J Appl Physiol. 1991;70(3):1129–36.  

         76.    Vogel JA, Hansen JE, Harris CW. Cardiovascular 
responses in man during exhaustive work at sea 
level and high altitude. J Appl Physiol. 1967;23(4):
531–9.  

    77.    Dempsey JA, Thomson JM, Forster HV, Cerny FC, 
Chosy LW. HbO2 dissociation in man during pro-
longed work in chronic hypoxia. J Appl Physiol. 
1975;38(6):1022–9.  

     78.    Reeves JT, Grover RF, Cohn JE. Regulation of venti-
lation during exercise at 10,200 ft in athletes born at 
low altitude. J Appl Physiol. 1967;22(3):546–54.  

               79.    Wolfel EE, Selland MA, Cymerman A, Brooks GA, 
Butterfi eld GE, Mazzeo RS, et al. O2 extraction 
maintains O2 uptake during submaximal exercise 
with beta-adrenergic blockade at 4,300 m. J Appl 
Physiol. 1998;85(3):1092–102.  

    80.    Moore LG, Cymerman A, Huang SY, McCullough 
RE, McCullough RG, Rock PB, et al. Propranolol 
blocks metabolic rate increase but not ventilatory 
acclimatization to 4300 m. Respir Physiol. 
1987;70(2):195–204.  

         81.    Savard GK, Areskog NH, Saltin B. Cardiovascular 
response to exercise in humans following acclimati-
zation to extreme altitude. Acta Physiol Scand. 
1995;154(4):499–509.  

       82.    Bristow MR, Ginsburg R, Minobe W, Cubicciotti 
RS, Sageman WS, Lurie K, et al. Decreased cate-
cholamine sensitivity and beta-adrenergic-receptor 
density in failing human hearts. N Engl J Med. 
1982;307(4):205–11.  

     83.    Voelkel NF, Hegstrand L, Reeves JT, McMurty IF, 
Molinoff PB. Effects of hypoxia on density of beta- 
adrenergic receptors. J Appl Physiol. 1981;50(2):363–6.  

        84.    Kacimi R, Richalet JP, Corsin A, Abousahl I, 
Crozatier B. Hypoxia-induced downregulation of 
beta-adrenergic receptors in rat heart. J Appl Physiol. 
1992;73(4):1377–82.  

    85.    Richalet JP, Larmignat P, Rathat C, Keromes A, 
Baud P, Lhoste F. Decreased cardiac response to 
isoproterenol infusion in acute and chronic hypoxia. 
J Appl Physiol. 1988;65(5):1957–61.  

     86.    Antezana AM, Kacimi R, Le Trong JL, Marchal M, 
Abousahl I, Dubray C, et al. Adrenergic status of 
humans during prolonged exposure to the altitude of 
6,542 m. J Appl Physiol. 1994;76(3):1055–9.  

          87.    Boushel R, Calbet JA, Radegran G, Sondergaard H, 
Wagner PD, Saltin B. Parasympathetic neural activ-
ity accounts for the lowering of exercise heart rate at 
high altitude. Circulation. 2001;104(15):1785–91.  

    88.    Myhre LG, Dill DB, Hall FG, Brown DK. Blood 
volume changes during three-week residence at high 
altitude. Clin Chem. 1970;16(1):7–14.  

    89.    Jain SC, Bardhan J, Swamy YV, Krishna B, Nayar 
HS. Body fl uid compartments in humans during 
acute high-altitude exposure. Aviat Space Environ 
Med. 1980;51(3):234–6.  

    90.    Robach P, Dechaux M, Jarrot S, Vaysse J, Schneider 
JC, Mason NP, et al. Operation Everest III: role of 
plasma volume expansion on VO(2)(max) during 
prolonged high-altitude exposure. J Appl Physiol. 
2000;89(1):29–37.  

    91.    Kubo SH, Clark M, Laragh JH, Borer JS, Cody RJ. 
Identifi cation of normal neurohormonal activity in 
mild congestive heart failure and stimulating effect 
of upright posture and diuretics. Am J Cardiol. 
1987;60(16):1322–8.  

    92.    Thompson CA, Tatro DL, Ludwig DA, Convertino 
VA. Barorefl ex responses to acute changes in blood 
volume in humans. Am J Physiol. 1990;259(4 Pt 
2):R792–8.  

     93.    Hansen J, Sander M. Sympathetic neural overactivity 
in healthy humans after prolonged exposure to hypo-
baric hypoxia. J Physiol. 2003;546(Pt 3):921–9.  

    94.    Hoon RS, Balasubramanian V, Mathew OP, Tiwari 
SC, Sharma SC, Chadha KS. Effect of high-altitude 
exposure for 10 days on stroke volume and cardiac 
output. J Appl Physiol. 1977;42(5):722–7.  

      95.    Groves BM, Reeves JT, Sutton JR, Wagner PD, 
Cymerman A, Malconian MK, et al. Operation 
Everest II: elevated high-altitude pulmonary resis-
tance unresponsive to oxygen. J Appl Physiol. 
1987;63(2):521–30.  

      96.    Sutton JR, Reeves JT, Wagner PD, Groves BM, 
Cymerman A, Malconian MK, et al. Operation 
Everest II: oxygen transport during exercise at 
extreme simulated altitude. J Appl Physiol. 
1988;64(4):1309–21.  

    97.    Balasubramanian V, Behl A, Das GS, Wadhwa AK, 
Mathew OP, Hoon RS. Effect of digoxin and diuretics 
on high altitude left ventricular dysfunction. 
Circulation. 1978;57(6):1180–5.  

     98.    Hartley LH, Alexander JK, Modelski M, Grover RF. 
Subnormal cardiac output at rest and during exercise 
in residents at 3,100 m altitude. J Appl Physiol. 
1967;23(6):839–48.  

    99.    Buch J, Egeblad H, Hansen PB, Kjaergard H, 
Waldorff S, Steiness E. Correlation between changes 
in systolic time intervals and left ventricular end- 
diastolic diameter after preload reduction. Non- 
invasive monitoring of pharmacological intervention. 
Br Heart J. 1980;44(6):668–71.  

       100.    Suarez J, Alexander JK, Houston CS. Enhanced left 
ventricular systolic performance at high altitude 
during Operation Everest II. Am J Cardiol. 
1987;60(1):137–42.  

    101.    Webster KA, Bishopric NH. Molecular regulation of 
cardiac myocyte adaptations to chronic hypoxia. 
J Mol Cell Cardiol. 1992;24(7):741–51.  

6 Cardiovascular System



136

     102.    Mazer CD, Stanley WC, Hickey RF, Neese RA, 
Cason BA, Demas KA, et al. Myocardial metabolism 
during hypoxia: maintained lactate oxidation during 
increased glycolysis. Metabolism. 1990;39(9):913–8.  

       103.    Arbab-Zadeh A, Levine BD, Trost JC, Lange RA, 
Keeley EC, Hillis LD, et al. The effect of acute 
hypoxemia on coronary arterial dimensions in 
patients with coronary artery disease. Cardiology. 
2009;113(2):149–54.  

    104.    Bunn HF, Poyton RO. Oxygen sensing and molecular 
adaptation to hypoxia. Physiol Rev. 1996;76(3):839–85.  

    105.    Rassaf T, Flogel U, Drexhage C, Hendgen-Cotta U, 
Kelm M, Schrader J. Nitrite reductase function of 
deoxymyoglobin: oxygen sensor and regulator of 
cardiac energetics and function. Circ Res. 
2007;100(12):1749–54.  

    106.    Arany Z, Huang LE, Eckner R, Bhattacharya S, 
Jiang C, Goldberg MA, et al. An essential role for 
p300/CBP in the cellular response to hypoxia. Proc 
Natl Acad Sci USA. 1996;93(23):12969–73.  

    107.    Tan T, Marin-Garcia J, Damle S, Weiss HR. 
Hypoxia-inducible factor-1 improves inotropic 
responses of cardiac myocytes in ageing heart with-
out affecting mitochondrial activity. Exp Physiol. 
2010;95(6):712–22.  

    108.    Kacimi R, Long CS, Karliner JS. Chronic hypoxia 
modulates the interleukin-1beta-stimulated induc-
ible nitric oxide synthase pathway in cardiac myo-
cytes. Circulation. 1997;96(6):1937–43.  

    109.    Lau S, Patnaik N, Sayen MR, Mestril R. 
Simultaneous overexpression of two stress proteins 
in rat cardiomyocytes and myogenic cells confers 
protection against ischemia-induced injury. 
Circulation. 1997;96(7):2287–94.  

    110.    Zimmerman LH, Levine RA, Farber HW. Hypoxia 
induces a specifi c set of stress proteins in cultured 
endothelial cells. J Clin Invest. 1991;87(3):908–14.  

    111.    Zaobornyj T, Valdez LB, Iglesias DE, Gasco M, 
Gonzales GF, Boveris A. Mitochondrial nitric oxide 
metabolism during rat heart adaptation to high alti-
tude: effect of sildenafi l, L-NAME, and L-arginine 
treatments. Am J Physiol. 2009;296(6):H1741–7.  

     112.    Hirata K, Ban T, Jinnouchi Y, Kubo S. 
Echocardiographic assessment of left ventricular 
function and wall motion at high altitude in normal 
subjects. Am J Cardiol. 1991;68(17):1692–7.  

    113.    Cargill RI, Kiely DG, Lipworth BJ. Adverse effects 
of hypoxaemia on diastolic fi lling in humans. Clin 
Sci (Lond). 1995;89(2):165–9.  

     114.    Allemann Y, Rotter M, Hutter D, Lipp E, Sartori C, 
Scherrer U, et al. Impact of acute hypoxic pulmo-
nary hypertension on LV diastolic function in 
healthy mountaineers at high altitude. Am J Physiol 
Heart Circ Physiol. 2004;286(3):H856–62.  

    115.    Huez S, Retailleau K, Unger P, Pavelescu A, 
Vachiery JL, Derumeaux G, et al. Right and left ven-
tricular adaptation to hypoxia: a tissue Doppler 
imaging study. Am J Physiol Heart Circ Physiol. 
2005;289(4):H1391–8.  

    116.    Prasad A, Popovic ZB, Arbab-Zadeh A, Fu Q, 
Palmer D, Dijk E, et al. The effects of aging and 
physical activity on Doppler measures of diastolic 
function. Am J Cardiol. 2007;99(12):1629–36.  

    117.    Jung RC, Dill DB, Horton R, Horvath SM. Effects of 
age on plasma aldosterone levels and hemoconcen-
tration at altitude. J Appl Physiol. 1971;31(4):
593–7.  

    118.    Surks MI, Chinn KS, Matoush LR. Alterations in 
body composition in man after acute exposure to 
high altitude. J Appl Physiol. 1966;21(6):1741–6.  

    119.    Grover RF, Reeves JT, Maher JT, McCullough RE, 
Cruz JC, Denniston JC, et al. Maintained stroke vol-
ume but impaired arterial oxygenation in man at 
high altitude with supplemental CO2. Circ Res. 
1976;38(5):391–6.  

    120.    Grover RF, Selland MA, McCullough RG, Dahms 
TE, Wolfel EE, Butterfi eld GE, et al. Beta-adrenergic 
blockade does not prevent polycythemia or decrease 
in plasma volume in men at 4300 m altitude. Eur 
J Appl Physiol Occup Physiol. 1998;77(3):264–70.  

    121.    Ross Jr J, Linhart JW, Brauwald E. Effects of chang-
ing heart rate in man by electrical stimulation of the 
right atrium. Studies at rest, during exercise, and 
with isoproterenol. Circulation. 1965;32(4):549–58.  

    122.    Naeije R. Physiological adaptation of the cardiovas-
cular system to high altitude. Prog Cardiovas Dis. 
2010;52(6):456–66.  

      123.    Malconian M, Rock P, Hultgren H, Donner H, 
Cymerman A, Groves B, et al. The electrocardio-
gram at rest and exercise during a simulated ascent 
of Mt. Everest (Operation Everest II). Am J Cardiol. 
1990;65(22):1475–80.  

    124.    Das BK, Tewari SC, Parashar SK, Akhtar M, Grover 
DN, Ohri VC, et al. Electrocardiographic changes at 
high attitude. Indian Heart J. 1983;35(1):30–3.  

    125.    Abel FL, Waldhausen JA. Effects of alterations in 
pulmonary vascular resistance on right ventricular 
function. J Thorac Cardiovasc Surg. 1967;54(6):
886–94.  

    126.    Davila-Roman VG, Guest TM, Tuteur PG, Rowe 
WJ, Ladenson JH, Jaffe AS. Transient right but not 
left ventricular dysfunction after strenuous exercise 
at high altitude. J Am Coll Cardiol. 1997;30(2):
468–73.  

    127.    Atherton JJ, Moore TD, Lele SS, Thomson HL, 
Galbraith AJ, Belenkie I, et al. Diastolic ventricular 
interaction in chronic heart failure. Lancet. 
1997;349(9067):1720–4.  

    128.    Bernheim AM, Kiencke S, Fischler M, Dorschner L, 
Debrunner J, Mairbaurl H, et al. Acute changes in 
pulmonary artery pressures due to exercise and expo-
sure to high altitude do not cause left ventricular 
diastolic dysfunction. Chest. 2007;132(2):380–7.  

    129.    Calbet JA, Radegran G, Boushel R, Sondergaard H, 
Saltin B, Wagner PD. Effect of blood haemoglobin 
concentration on V(O2, max) and cardiovascular 
function in lowlanders acclimatised to 5260 m. 
J Physiol. 2002;545(Pt 2):715–28.  

A.L. Baggish et al.



137

       130.    Bender PR, Groves BM, McCullough RE, 
McCullough RG, Huang SY, Hamilton AJ, et al. 
Oxygen transport to exercising leg in chronic 
hypoxia. J Appl Physiol. 1988;65(6):2592–7.  

     131.    Weil JV, Byrne-Quinn E, Battock DJ, Grover RF, 
Chidsey CA. Forearm circulation in man at high alti-
tude. Clin Sci. 1971;40(3):235–46.  

     132.    Cruz JC, Grover RF, Reeves JT, Maher JT, 
Cymerman A, Denniston JC. Sustained venocon-
striction in man supplemented with CO2 at high 
altitude. J Appl Physiol. 1976;40(1):96–100.  

     133.    Cerretelli P, Marconi C, Deriaz O, Giezendanner D. 
After effects of chronic hypoxia on cardiac output 
and muscle blood fl ow at rest and exercise. Eur J 
Appl Physiol Occup Physiol. 1984;53(2):92–6.  

    134.    Hellems HK, Ord JW, Talmers FN, Christensen RC. 
Effects of hypoxia on coronary blood fl ow and myo-
cardial metabolism in normal human subjects. 
Circulation. 1963;16:893–8.  

     135.    Moret P, Covarrubias E, Coudert J, Duchosal F. 
Cardiocirculatory adaptation to chronic hypoxia: 
comparative study of coronary fl ow, myocardial 
oxygen consumption and effi ciency between sea 
level and high altitude residents. Acta Cardiol. 
1972;27(2):283–305.  

     136.    Grover RF, Lufschanowski R, Alexander JK. 
Alterations in the coronary circulation of man fol-
lowing ascent to 3,100 m altitude. J Appl Physiol. 
1976;41(6):832–8.  

     137.    Klausen K. Man’s acclimatization to altitude during 
the fi rst week at 3.800 M. Schweiz Z Sportmed. 
1966;14(1):246–53.  

    138.    Sharma SC, Balasubramanian V, Mathew OP, Hoon 
RS. Serial studies of heart rate, blood pressure and 
urinary catecholamine excretion on acute induction 
to high altitude (3658m). Indian J Chest Dis Allied 
Sci. 1977;19(1):16–20.  

       139.    Vogel JA, Hartley LH, Cruz JC. Cardiac output 
during exercise in altitude natives at sea level and 
high altitude. J Appl Physiol. 1974;36(2):173–6.  

       140.    Zamudio S, Douglas M, Mazzeo RS, Wolfel EE, 
Young DA, Rock PB, et al. Women at altitude: fore-
arm hemodynamics during acclimatization to 4,300 
m with alpha(1)-adrenergic blockade. Am J Physiol 
Heart Circ Physiol. 2001;281(6):H2636–44.  

    141.    Mazzeo RS, Carroll JD, Butterfi eld GE, Braun B, 
Rock PB, Wolfel EE, et al. Catecholamine responses 
to alpha-adrenergic blockade during exercise in 
women acutely exposed to altitude. J Appl Physiol. 
2001;90(1):121–6.  

    142.    Bilo G, Caldara G, Styczkiewicz K, Revera M, 
Lombardi C, Giglio A, et al. Effects of selective and 
nonselective beta-blockade on 24-h ambulatory 
blood pressure under hypobaric hypoxia at altitude. 
J Hypertens. 2011;29(2):380–7.  

         143.    Pugh LG, Gill MB, Lahiri S, Milledge JS, Ward MP, 
West JB. Muscular exercise at great altitudes. J Appl 
Physiol. 1964;19:431–40.  

    144.    Sharma SC, Hoon RS, Balasubramanian V, Chadha 
KS. Urinary catecholamine excretion in temporary 

residents of high altitude. J Appl Physiol. 
1978;44(5):725–7.  

    145.    Marticorena E, Ruiz L, Severino J, Galvez J, 
Penaloza D. Systemic blood pressure in white men 
born at sea level: changes after long residence at 
high altitudes. Am J Cardiol. 1969;23(3):364–8.  

    146.    Lewis SF, Taylor WF, Graham RM, Pettinger WA, 
Schutte JE, Blomqvist CG. Cardiovascular responses 
to exercise as functions of absolute and relative work 
load. J Appl Physiol. 1983;54(5):1314–23.  

    147.    Vogel JA, Hartley LH, Cruz JC, Hogan RP. Cardiac 
output during exercise in sea-level residents at sea 
level and high altitude. J Appl Physiol. 
1974;36(2):169–72.  

    148.    Ferretti G, Boutellier U, Pendergast DR, Moia C, 
Minetti AE, Howald H, et al. Oxygen transport 
 system before and after exposure to chronic hypoxia. 
Int J Sports Med. 1990;11 Suppl 1:S15–20.  

     149.    Steinacker JM, Liu Y, Boning D, Halder A, Maassen 
N, Thomas A, et al. Lung diffusion capacity, oxygen 
uptake, cardiac output and oxygen transport during 
exercise before and after an himalayan expedition. 
Eur J Appl Physiol Occup Physiol. 1996;74(1–2):
187–93.  

     150.    Moore LG, Cymerman A, Huang SY, McCullough 
RE, McCullough RG, Rock PB, et al. Propranolol 
does not impair exercise oxygen uptake in normal 
men at high altitude. J Appl Physiol. 1986;
61(5):1935–41.  

    151.    Grover RF, Weil JV, Reeves JT. Cardiovascular 
adaptation to exercise at high altitude. Exerc Sport 
Sci Rev. 1986;14:269–302.  

    152.    Casey DP, Joyner MJ. Local control of skeletal mus-
cle blood fl ow during exercise: infl uence of available 
oxygen. J Appl Physiol. 2011;111(6):1527–38.  

     153.    Cerretelli P. Limiting factors to oxygen transport on 
Mount Everest. J Appl Physiol. 1976;40(5):658–67.  

     154.    West JB, Boyer SJ, Graber DJ, Hackett PH, Maret 
KH, Milledge JS, et al. Maximal exercise at extreme 
altitudes on Mount Everest. J Appl Physiol. 
1983;55(3):688–98.  

     155.   Wagner PD. Why does the maximal exercise cardiac 
output fall during altitude residence at extreme alti-
tudes and is it important? Proceedings of the 11th 
International Hypoxia Symposium, Jasper, Alberta; 
1999.  

      156.    Saltin B, Grover RF, Blomqvist CG, Hartley LH, 
JOhnson RL. Maximal oxygen uptake and cardiac 
output after 2 weeks at 4,300 m. J Appl Physiol. 
1968;25:400–9.  

     157.    Hartley LH, Vogel JA, Cruz JC. Reduction of maxi-
mal exercise heart rate at altitude and its reversal 
with atropine. J Appl Physiol. 1974;36(3):362–5.  

     158.    Zhuang J, Droma T, Sutton JR, McCullough RE, 
McCullough RG, Groves BM, et al. Autonomic reg-
ulation of heart rate response to exercise in Tibetan 
and Han residents of Lhasa (3,658 m). J Appl 
Physiol. 1993;75(5):1968–73.  

    159.    Garcia JA, McMinn SB, Zuckerman JH, Fixler DE, 
Levine BD. The role of the right ventricle during 

6 Cardiovascular System



138

hypobaric hypoxic exercise: insights from patients 
after the Fontan operation. Med Sci Sports Exerc. 
1999;31(2):269–76.  

    160.    Young AJ, Sawka MN, Muza SR, Boushel R, Lyons 
T, Rock PB, et al. Effects of erythrocyte infusion on 
VO2max at high altitude. J Appl Physiol. 
1996;81(1):252–9.  

    161.    Robach P, Calbet JA, Thomsen JJ, Boushel R, 
Mollard P, Rasmussen P, et al. The ergogenic effect 
of recombinant human erythropoietin on VO2max 
depends on the severity of arterial hypoxemia. PLoS 
One. 2008;3(8):e2996.  

    162.    Sime F, Penaloza D, Ruiz L. Bradycardia, increased 
cardiac output, and reversal of pulmonary hyperten-
sion in altitude natives living at sea level. Br Heart J. 
1971;33(5):647–57.  

    163.    Passino C, Bernardi L, Spadacini G, Calciati A, 
Robergs R, Anand I, et al. Autonomic regulation of 
heart rate and peripheral circulation: comparison of 
high altitude and sea level residents. Clin Sci (Lond). 
1996;91(Suppl):81–3.  

    164.    Hochachka PW, Clark CM, Holden JE, Stanley C, 
Ugurbil K, Menon RS. 31P magnetic resonance 
spectroscopy of the Sherpa heart: a phosphocreatine/
adenosine triphosphate signature of metabolic 
defense against hypobaric hypoxia. Proc Natl Acad 
Sci USA. 1996;93(3):1215–20.  

    165.    Holden JE, Stone CK, Clark CM, Brown WD, 
Nickles RJ, Stanley C, et al. Enhanced cardiac 
metabolism of plasma glucose in high-altitude 
natives: adaptation against chronic hypoxia. J Appl 
Physiol. 1995;79(1):222–8.  

    166.    Moret P. Cotronary blood fl ow and myocardial 
metabolism in man at hihg altitude. In: Porter R, 
Knight J, editors. High altitude physiology: cardiac 
and respiratory aspects. Edinburgh: Churchill 
Livingston; 1971. p. 131–48.  

    167.    Arias-Stella J, Topilsky M. Anatomy of the coronary 
circulation at high al;titude. In: Porter R, Knight J, 
editors. High altitude physiology: cardiac and respi-
ratory aspects. Edinburgh: Churchill Livingstone; 
1971. p. 149–57.  

    168.    Fuster V, Frye RL, Kennedy MA, Connolly DC, 
Mankin HT. The role of collateral circulation in the 
various coronary syndromes. Circulation. 
1979;59(6):1137–44.  

    169.    Mortimer Jr EA, Monson RR, MacMahon B. 
Reduction in mortality from coronary heart disease 
in men residing at high altitude. N Engl J Med. 
1977;296(11):581–5.  

    170.    Beall CM, Brittenham GM, Strohl KP, Blangero J, 
Williams-Blangero S, Goldstein MC, et al. 
Hemoglobin concentration of high-altitude Tibetans 
and Bolivian Aymara. Am J Phys Anthropol. 
1998;106(3):385–400.  

   171.    Beall CM, Strohl KP, Blangero J, Williams-Blangero 
S, Almasy LA, Decker MJ, et al. Ventilation and 
hypoxic ventilatory response of Tibetan and Aymara 
high altitude natives. Am J Phys Anthropol. 
1997;104(4):427–47.  

    172.    Winslow RM, Chapman KW, Gibson CC, Samaja 
M, Monge CC, Goldwasser E, et al. Different hema-
tologic responses to hypoxia in Sherpas and Quechua 
Indians. J Appl Physiol. 1989;66(4):1561–9.  

    173.    Hoit BD, Dalton ND, Erzurum SC, Laskowski D, 
Strohl KP, Beall CM. Nitric oxide and cardiopulmo-
nary hemodynamics in Tibetan highlanders. J Appl 
Physiol. 2005;99(5):1796–801.  

    174.    Antezana AM, Antezana G, Aparicio O, Noriega I, 
Velarde FL, Richalet JP. Pulmonary hypertension in 
high-altitude chronic hypoxia: response to nifedipine. 
Eur Respir J. 1998;12(5):1181–5.  

    175.    Beall CM. Two routes to functional adaptation: 
Tibetan and Andean high-altitude natives. Proc Natl 
Acad Sci USA. 2007;104 Suppl 1:8655–60.  

    176.    Ludmer PL, Selwyn AP, Shook TL, Wayne RR, 
Mudge GH, Alexander RW, et al. Paradoxical vaso-
constriction induced by acetylcholine in atheroscle-
rotic coronary arteries. N Engl J Med. 1986;315(17):
1046–51.  

    177.    Vita JA, Treasure CB, Yeung AC, Vekshtein VI, 
Fantasia GM, Fish RD, et al. Patients with evidence 
of coronary endothelial dysfunction as assessed by 
acetylcholine infusion demonstrate marked increase 
in sensitivity to constrictor effects of catechol-
amines. Circulation. 1992;85(4):1390–7.  

    178.    Fuster V, Lewis A. Conner memorial lecture. 
Mechanisms leading to myocardial infarction: 
insights from studies of vascular biology. Circulation. 
1994;90(4):2126–46.  

    179.    Bartsch P, Waber U, Haeberli A, Maggiorini M, 
Kriemler S, Oelz O, et al. Enhanced fi brin formation 
in high-altitude pulmonary edema. J Appl Physiol. 
1987;63(2):752–7.  

    180.    Schobersberger W, Schmid P, Lechleitner M, von 
Duvillard SP, Hortnagl H, Gunga HC, et al. Austrian 
Moderate Altitude Study 2000 (AMAS 2000). The 
effects of moderate altitude (1,700 m) on cardiovas-
cular and metabolic variables in patients with meta-
bolic syndrome. Eur J Appl Physiol. 
2003;88(6):506–14.  

    181.    Burke AP, Farb A, Malcom GT, Liang Y, Smialek 
JE, Virmani R. Plaque rupture and sudden death 
related to exertion in men with coronary artery dis-
ease. JAMA. 1999;281(10):921–6.  

    182.    Faeh D, Gutzwiller F, Bopp M. Lower mortality from 
coronary heart disease and stroke at higher altitudes 
in Switzerland. Circulation. 2009;120(6):495–501.  

    183.    Morgan BJ, Alexander JK, Nicoli SA, Brammell 
HL. The patient with coronary disease at altitude: 
observations during acute exposure to 3,100 m. 
J Wilderness Med. 1990;1:147–53.  

    184.    Gibelli G, Fantoni C, Anza C, Cattaneo P, Rossi A, 
Montenero AS, et al. Arrhythmic risk evaluation 
during exercise at high altitude in healthy subjects: 
role of microvolt T-wave alternans. Pacing Clin 
Electrophysiol. 2008;31(10):1277–83.  

    185.    Woods DR, Allen S, Betts TR, Gardiner D, 
Montgomery H, Morgan JM, et al. High altitude 
arrhythmias. Cardiology. 2008;111(4):239–46.  

A.L. Baggish et al.



139

     186.    Erdmann J, Sun KT, Masar P, Niederhauser H. 
Effects of exposure to altitude on men with coronary 
artery disease and impaired left ventricular function. 
Am J Cardiol. 1998;81(3):266–70.  

    187.    Van Patot MC, Hill AE, Dingmann C, Gaul L, 
Fralick K, Christians U, et al. Risk of impaired coag-
ulation in warfarin patients ascending to altitude 
(>2400 m). High Alt Med Biol. 2006;7(1):39–46.  

    188.    Alexander JK, Abinader EG, Sharif DS, Morgan BJ, 
Brammell HL. Left ventricular function in coronary 
heart disease at high altitude. Circulation. 
1988;78(Suppl II):2–6.  

    189.    Agostoni P, Cattadori G, Guazzi M, Bussotti M, 
Conca C, Lomanto M, et al. Effects of simulated 

altitude-induced hypoxia on exercise capacity in 
patients with chronic heart failure. Am J Med. 
2000;109(6):450–5.  

    190.    Burtscher M, Philadelphy M, Likar R. Sudden 
cardiac death during mountain hiking and downhill 
skiing. N Engl J Med. 1993;329(23):1738–9.  

    191.    Ponchia A, Biasin R, Tempesta T, Thiene M, Volta 
SD. Cardiovascular risk during physical activity in 
the mountains. J Cardiovasc Med (Hagerstown). 
2006;7(2):129–35.  

    192.    Burtscher M, Pachinger O, Schocke MF, Ulmer H. 
Risk factor profi le for sudden cardiac death during 
mountain hiking. Int J Sports Med. 2007;28(7):
621–4.      

6 Cardiovascular System



141E.R. Swenson and P. Bärtsch (eds.), High Altitude: Human Adaptation to Hypoxia, 
DOI 10.1007/978-1-4614-8772-2_7, © Springer Science+Business Media New York 2014

    Abstract 

 It should be noted that Dr. J.W. Severinghaus was the expert author of 
this chapter (Cerebral circulation at high altitude) in the First Edition of this 
textbook. Moreover, in updating this area, we also amalgamate from the 
First Edition the detailed chapter titled “The High-Altitude Brain,” which 
was authored by Drs. M.S. Raichle and T.F. Hornbein. Readers are directed 
to these original and elegant comprehensive reviews (Severinghaus: High 
altitude; exploration of human adaptation, New York, Basel; Raichle: 
High altitude; exploration of human adaptation, New York, Basel). Rather 
than reproduce this information here, and while summarizing some of this 
original material in the context of new fi ndings within the last decade, we 
provide an update within the broad topic of the cerebral circulation and brain 
at high altitude. This chapter is comprised of seven sections. The introduc-
tion is followed by the major factors which regulate cerebral blood fl ow 
(CBF) are initially presented in order to emphasize the integrated mecha-
nisms by which CBF is controlled. Next, detailed discussion is provided to 
examine the infl uence of exposure to high-altitude exposure on these afore-
mentioned mechanisms which regulate CBF. We then briefl y review recent 
advances in the understanding of neurological clinical syndromes that occur 
on exposure to high altitudes. The next two sections summarize the infl uence 
of high altitude on cognitive function and highlight other neurological-based 
symptoms and events that can occur upon exposure to high altitude. Finally, 
we suggest avenues for future research.  
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  Fig. 7.1    Simplifi ed block diagram of the main mecha-
nisms responsible for the control of cerebral blood fl ow 
(CBF). The vascular bed corresponds to the passive prop-
erties of blood vessels, usually modeled as a combination 

of resistances and compliances. Modifi ed from [ 3 ,  102 ]. 
 ABP  arterial blood pressure,  ICP  intracranial pressure, 
 CSF  cerebral spinal fl uid,  CPP  cerebral perfusion pres-
sure,  CBV  cerebral blood volume       

        Regulation of Cerebral Blood Flow 

 The oxygen supply to the brain depends on the 
arterial oxygen content and the CBF. The rate of 
oxygen consumption of the entire brain accounts 
for ~20 % of the resting total body oxygen con-
sumption. The brain is the most oxygen- dependent 
organ in the body and many pathophysiological 
processes either cause or result in an interruption 
to its oxygen supply. For example, loss of con-
sciousness occurs within minutes of acute expo-
sure to elevations greater than 7,000 m. 
Remarkably, however, following acclimatization 
to high-altitude consciousness can be main-
tained—by some—during “oxygenless” ascents 
of Mt Everest (which stands at ~8,850 m). The 
mechanisms underlying these responses to high 
altitude upon CBF are complex and involve inter-
actions of many physiological, metabolic and bio-
chemical processes. The major factors underlying 
the extent of change in CBF during high-altitude-

induced reductions in the partial pressure of arte-
rial oxygen (PaO 2 ) are depicted in Fig.  7.1  and are 
further detailed in this chapter.

      Background 

 The relative constancy of the overall craniospinal 
volume [ 1 ], the cerebrovascular anatomy, and the 
positional and delay differences of the cerebral 
circulation relative to the heart make the intracra-
nial hemodynamics complex [ 1 – 5 ] (Fig.  7.1 ). 
Control of cerebral perfusion is linked closely to 
status of the intracranial volume; it comprises the 
arterial cerebrovascular bed, the large cerebral 
veins, and the processes associated with produc-
tion and reabsorption of cerebral spinal fl uid 
(CSF) [ 6 ]. According to Poiseuille’s law [ 7 ], 
CBF is determined by the cerebral perfusion 
pressure and the cerebrovascular conductance, or 
its reciprocal, cerebrovascular resistance [ 8 ]. 
The cerebral perfusion pressure is the difference 
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between blood pressure at the level of the circle 
of Willis and intracranial pressure; and intracra-
nial pressure, in turn, encompasses central venous 
pressure and the pressures within the cerebral 
spinal fl uid (Fig.  7.1 ). The resistance variable to 
fl ow has historically been suggested to occur 
mostly in the cerebral arteriolar and capillary bed 
[ 5 ,  9 ]. In turn, the large cerebral arteries and veins 
are believed to be noncompliant and act merely 
as a conduit for the pulsatile arterial fl ow from 
the aorta to the brain [ 10 ]. However, recently it 
has been reported in humans that cerebrovascular 
resistance is not solely modulated at the level of 
the arteriolar pial vessels but occurs also in the 
larger cerebral arteries (e.g., at the level of the 
internal carotid arteries) [ 11 ]. Nevertheless, CBF 
is dynamically adjusted to changes in the perfu-
sion pressure, the metabolic activity of the brain, 
arterial oxygen content, acid–base status, 
humoral factors, and autonomic nerve activity 
[ 12 ]. Figure  7.1  is a simplifi ed diagram of these 

main regulatory or active mechanisms that 
 interact to maintain oxygen supply matched to 
cerebral metabolic demand and to protect the 
brain from changes in cerebral perfusion. This 
integrative model highlights the interdependence 
of CBF to many other variables through complex 
and likely nonlinear relationships. The high-
lighted areas represent the potential areas—both 
direct and indirect—in which reductions in PaO 2  
may infl uence CBF (see Sect.  7.3.0 ). 

 At the vascular level, CBF is regulated by 
smooth muscle tone, which is under the infl uence 
of neural, chemical, metabolic, and physical fac-
tors (Figs.  7.1  and  7.2 ). Ultimately, it is the net 
effect of vasodilators and vasoconstrictors 
derived from the endothelium, neuronal innerva-
tions, perfusion pressure, and shear stress that 
determines CBF (Fig.  7.2 ). In the brain, vascular 
smooth muscle tone is closely controlled by 
endogenous substances such as nitric oxide (NO) 
[ 13 ] and prostanoids [ 14 ,  15 ], as well as 

Cerebral blood flowCerebral blood vessel
(resistance vessel)

Mechanical factors
Vasoconstrictor:

- Stretch (via↑blood
  pressure and/or blood
  volume

Vasodilator:
- Shear stress (via↑flow
  velocity,↑blood viscosity
  or ↓vessel diameter)

VSM

Perivascular nerves 
Sympathetic nerves:

- Noradrenaline
Parasympathetic nerves:

- Acetylcholine
- NO

Circulating stimuli
Vasoconstrictor:

- ↑PaO2
- ↓PaCO2
- ↑pH
- Adrenaline
- Angiotensin II

Vasodilator:
- ↓PaO2
- ↑PaCO2
- ↓pH
- Adrenaline
- Angiotensin II
- Adenosine

Vasodilator:
- NO
- PGE
- EDHF (? CNP)

Vasoconstrictor:
- ET-1
- Superoxide (O2

..)

Lumen

EC

  Fig. 7.2    The main factors infl uencing the diameter of 
cerebral resistance vessels.  VSM  vascular smooth muscle, 
 EC  endothelial cells,  NO  nitric oxide,  PaO   2   partial pres-
sure of oxygen,  PaCO   2   partial pressure of carbon dioxide, 
 PGE  prostaglandins,  ET - 1  endothelin-1,  EDHF  endothe-
lial-derived hyperpolarizing factor,  CNP  C-natriuretic 
peptide. Modifi ed from [ 252 ]. Note that angiotensin and 

adrenaline can cause vasoconstriction or vasodilation 
depending on which receptor they bind to (e.g., angio-
tensin-1 receptors (vasoconstriction) and angiotension-2 
receptors (vasodilation); for adrenaline receptors, vaso-
constriction is via the alpha receptors and vasodilation is 
via the beta receptors)       
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C-natriuretic  peptide [ 13 ,  16 – 18 ] and endothelin-
 1 [ 19 ,  20 ]  produced by the neighboring endothe-
lial and neuronal cells (Fig.  7.2 ). Together, these 
endogenous mediators alter intracellular [Ca 2+ ] in 
the smooth muscle cells via second messenger 
and K +  channel activation/hyperpolarizing path-
ways, leading to smooth muscle contraction/
relaxation. These endogenous mediators are acti-
vated in response to many stimuli, including: cir-
culating substances such as PaCO 2 , PaO 2 , pH/H + , 
lactate, glucose, and adenosine [ 13 ,  14 ,  20 – 24 ]; 
postganglionic neurotransmitters such as NO, 
acetylcholine, vasoactive intestinal peptide, 
 calcitonin gene-related peptide and noradrena-
line (see [ 25 ] for review), and mechanical factors 
like shear [ 26 – 28 ] and stretch [ 20 – 22 ,  29 – 31 ]. 
These factors are highlighted in Fig.  7.2  and, 
with particular focus on the modulatory effects of 
hypoxia, are described in this chapter.

       Arterial Blood Gases 

  Partial Pressure of Arterial Carbon Dioxide  
( PaCO   2  ): It is well established that the cerebral 
vasculature is profoundly affected by PaCO 2  
[ 32 ]. The teleological relevance of the exquisite 
sensitivity of CBF to changes in PaCO 2  seems to 
be a vital homeostatic function that helps regulate 
and maintain central pH [ 33 ], which therefore 
affects the respiratory central chemoreceptor 
stimulus. The interaction between PaCO 2  and 
vasodilation/vasoconstriction are normally ascribed 
to occur at the level of the arterioles and the pre-
capillary sphincters [ 5 ,  12 ,  34 ]. Increased CO 2  
results in a relaxation of the vascular smooth 
muscle of all cerebral vessels, although the small 
vessels are the most responsive [ 35 ]. By contrast, 
the vasoconstrictor effect of hypocapnia is unaf-
fected by vessel size [ 35 ]. The mechanism(s) 
behind these actions of CO 2  has not been entirely 
elucidated. Some evidence indicates that elevations 
in CO 2  and the concomitant change in pH activate 
potassium channels in the vascular smooth muscle 
[ 36 ,  37 ]. Thus, K +  channels, through impact on 
the endothelium and vascular smooth muscle, 
play a role in coordinating vascular tone in 
upstream and downstream vessels. An alterna-
tive, or possible complimentary means by which 

cerebral vasodilatation may be mediated is via 
CO 2 /pH-induced alterations in vasoactive factors. 
For example, CO 2 -mediated cerebral vasodilata-
tion and a concomitant increase in CBF may be 
further modifi ed by the shear stress- mediated 
release of vasodilatory agents such as nitric oxide 
(NO) and prostaglandins [ 38 ,  39 ]. 

 Regardless of the underlying mechanism, the 
time course of the response of the cerebral pial 
(resistance) vessels to alterations in pH/H +  is 
rapid, with changes in diameter occurring within 
10 s, independent of the resting vessel diameter [ 5 ]. 
Early reports in humans [ 40 ] indicated that the 
CBF response started within 30 s of the begin-
ning of CO 2  inhalation, and that ~2 min were 
required to reach peak values [ 41 ]. More recent 
studies [ 42 ,  43 ], consistent with direct micro-
scopic observation of vessels using a cranial 
window technique, incorporating transcranial 
Doppler (TCD) and more sophisticated methods 
to manipulate end-tidal gases, have demonstrated 
that the acute CBF response to step changes in 
CO 2  (including hypocapnia) in humans was much 
faster (delay of 6 s) than these previous reports. 

  Partial Pressure of Arterial Oxygen  ( PaO   2  ):   The 
role of PaO 2  in the day-to-day regulation of CBF 
is minor, refl ected in the fi ndings that, depending 
on the prevailing PaCO 2  [ 44 ], a drop in PaO 2  
below a certain threshold (<45 mmHg) is 
required before cerebral vasodilatation occurs 
[ 45 ]. However, while hypoxia per se is a cerebral 
vasodilator, refl ected in a rise in CBF in propor-
tion to the severity of isocapnic hypoxia [ 46 ,  47 ], 
under normal conditions the hypoxic-induced 
activation of peripheral chemoreceptor activity 
leads to hyperventilatory-induced lowering of 
PaCO 2  and subsequent cerebral vasoconstriction 
(Fig.  7.3 ). Therefore, the cerebrovascular bed 
receives confl icting signals during exposure to 
acute hypoxia. Recently it has been shown that, 
at least with severe acute isocapnic hypoxia, 
there is a disparate blood fl ow regulation to the 
brainstem and cortex such that blood fl ow to the 
brainstem is increased by a greater extent than 
that to the cortex [ 11 ]. The role of PaO 2  becomes 
critically important upon ascent to high altitude 
(see Sect.  7.3.0 ) and possibility during hypox-
emia associated with chronic lung disease [ 48 ].
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       Cerebral Autoregulation 

 Cerebral autoregulation adjusts cerebral arteriolar 
caliber, or cerebrovascular resistance, to ensure 
that CBF levels are matched to metabolic needs, 
and it comprises two main components: static 
and dynamic. Although not perfect [ 49 ], static 
cerebral autoregulation keeps CBF relatively 
constant, over gradual and progressive changes 
in cerebral perfusion [ 50 ]. Dynamic cerebral 
autoregulation refers to the rapid regulation of 
cerebral blood fl ow (CBF) in response to changes 
in arterial blood pressure that occur in a few 
seconds [ 51 ]. Dynamic cerebral autoregulation 
may have different control mechanisms than 
static cerebral autoregulation [ 52 ], and data indi-
cate that neural control of cerebral circulation 
may be more effective under dynamic than under 
steady-state conditions [ 51 ]. Although the actual 
range of blood pressure in which CBF is main-
tained is variable between subjects [ 53 ] and was 
originally based on steady-state CBF data points 

under several different conditions presented in 
previous publications [ 53 ], there have been a 
number of reports of the infl uence of hypoxia on 
cerebral autoregulation (see Sect.  7.3.2 ).  

    Sympathetic Nerve Activity 

 Although the cerebral circulation is richly inner-
vated with sympathetic nerve fi bers, the effect of 
sympathetic nerve activity on the regulation of 
CBF remains controversial [ 54 ]. The traditional 
view is that increases in sympathetic activity 
appear to have a limited effect on the cerebral 
vasculature and CBF of humans, particularly at 
rest [ 55 ,  56 ]. It seems likely that any potential 
infl uence of sympathetic nerve activity on regu-
lating CBF is masked by the other more powerful 
regulatory infl uences on CBF—autoregulation, 
cerebrovascular CO 2  reactivity and, potentially, 
cardiac output [ 54 ,  57 ,  58 ]. Recently, however, 
elegant animal studies incorporating continuous 
recording of sympathetic nerve activity in the 
superior cervical ganglion [ 59 ] conclude that 
sympathetic nerve activity directed to cerebral 
vessels increases with acute hypertension, but not 
with hypotension, suggesting that it serves a 
 protective function for the cerebral microcircula-
tion, and not a regulatory role for maintenance of 
systemic arterial pressure. In addition to the 
infl uence of sympathetic nerve activity on cere-
bral autoregulation [ 51 ,  60 ], there are reports that 
sympathetic activity infl uences the reactivity of 
CBF to PaCO 2  [ 61 ,  62 ]. Thus, although the infl u-
ence might be regarded as minor, hypoxic- 
induced elevations in sympathetic nerve activity 
have the potential to affect CBF by both direct 
and indirect (e.g., via systemically mediated 
changes in cardiac output being redistributed to 
the brain) mechanisms (Figs.  7.1  and  7.2 : see 
Sect.  7.3.2 ).  

    Cerebral Metabolism 

 Cerebral oxygen consumption in normal, 
conscious, young humans is approximately 
3.5 mL/100 g brain/min [ 63 ]. The rate of oxygen 
consumption of the entire brain of average 
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  Fig. 7.3    Schematic of the infl uence of arterial PO 2  (PaO 2 ) 
and arterial PCO 2  (PaCO 2 ) on CBF. Upon ascent to high 
altitude, the fall in PaO 2  tends to cause vasodilatation 
especially at levels <45 mmHg; however, the drop in PaO 2  
stimulates the peripherial chemoreceptor and a subse-
quent refl ex hyperventilation. The refl ex hyperventilation 
induces hypocapnia which subsequently causes cerebral 
vasoconstriction. The balance between the degree of 
hypoxia and hypocapnia, mediated by changes in ventila-
tory control, are critical determinants of CBF at high 
altitude. See Fig.  7.6  for further details       
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weight (1,400 g) is therefore about 50 mL O 2 /min. 
The magnitude of this rate can be appreciated 
more fully when it is compared with the average 
metabolic rate of the whole body—approximately 
250 mL O 2 /min in the basal state for a 70 kg male. 
Therefore, the brain, which represents only about 
2 % of total body weight, accounts for ~20 % of 
the resting total body oxygen consumption.  

    Systemic Factors 

 Although the classical notion is that CBF is main-
tained over a range of blood pressure, it has more 
recently been established that CBF is also depen-
dent on cardiac output ( �Q   ) ([ 30 ,  64 ,  65 ], see [ 66 ] 
for review). Thus, because sympathetic nerve 
activity and heart rate are altered during O 2  and 
CO 2  reactivity testing, subsequent changes in  �Q    
may theoretically infl uence CBF. It should be 
acknowledged, however, that it is not clear whether 
these changes in  �Q    would have direct effects on 
CBF independent of changes in cerebral perfusion 
pressure. While this idea is supported indirectly, it 
still remains counterintuitive because according to 
Poiseuille’s law [ 7 ], blood fl ow is the quotient of 
perfusion pressure and vascular resistance and 
changes in  �Q    are not variables of the equation 
[ 67 ]. Previous studies, however, have reported a 
positive relationship between  �Q    and CBF at nor-
mothermia during rest and exercise [ 30 ,  68 ]. For 
example, increases or decreases in  �Q    with vol-
ume expansion or application of lower body nega-
tive pressure altered CBF velocity respectively in 
a linear fashion when mean blood pressure and 
PaCO 2  were kept constant. Moreover, observa-
tions in patients with acute ischemic stroke and 
severe head injury showed that CBF in the affected 
brain regions correlated closely with changes in 
 �Q    during intravascular volume expansion alone 
or in combination with induced hypertension [ 67 ]. 
Although the proposed mechanism(s) by which 
 �Q    affects CBF are unknown, nonneural, fl ow- 
mediated mechanisms have been suggested [ 69 ]. 
For instance, sheer-stress related to increasing pul-
satile pressure and/or blood fl ow may modulate 
the steady-state pressure-fl ow relationship of the 
cerebral circulation [ 70 ]. This may occur via the 

sheer-stress induced release of nitric oxide from 
the cerebrovascular endothelial cells, which in 
turn result in a decrease in cerebrovascular resis-
tance in the arterioles and elevate CBF [ 67 ,  70 ]. 
Together, while acknowledging that the mecha-
nisms have not been clearly delineated, assuming 
a redistribution to the brain, these fi ndings sug-
gest the existence of an infl uence of changes in  �Q    
on CBF. 

 In summary, the complexities of CBF regula-
tion have been updated and emphasized. In the 
context of these factors, the infl uence of high 
altitude on the regulation of CBF is now 
considered.   

    Regulation of Cerebral Blood Flow 
at High Altitude 

    Alteration in Cerebral Perfusion 
at Altitude 

 Oxygen delivery to the brain is primarily deter-
mined by the oxygen carrying capacity of the 
blood and the CBF. Measurement of CBF can be 
achieved using a number of different techniques, 
each having certain advantages and also potential 
methodological fl aws. While some techniques 
are better suited to use in the fi eld such as TCD 
ultrasound and near infrared spectroscopy 
(NIRS), others give more detailed information 
but are restricted to use in a hospital or research 
institute such as magnetic resonance imaging. 
Our insights into cerebral perfusion are conse-
quently determined by where, how, and when 
during the ascent to altitude the measurements 
have been made. It is important to note that 
cerebrovascular response to hypoxia can be 
broadly grouped into two time domains: (1) acute 
hypoxic response (seconds to hours); (2) short to 
long- term hypoxia (days to years), i.e., during 
acclimatization. Since the majority of the adaptive 
changes in CBF occur within 3–4 weeks upon 
exposure to a constant level of hypoxia, we will 
focus on the latter time domain of this response. 

 Time-dependent changes in CBF are clearly evi-
dent during acclimatization to high altitude (HA). 
Severinghaus et al. [ 71 ] used the Kety–Schmidt 
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nitrous oxide washout method [ 72 ,  73 ] to analyze 
changes in CBF; they found a 24 % increase at 
6–12 h and a 13 % increase at 3–5 days after 
arrival at 3,810 m. Jensen et al. [ 74 ] used radiola-
beled xenon in 12 individuals who ascended from 
150 m to 3,475 m, and found an increase in CBF 
of 24 %. Ascent from 3,200 m to between 4,785 
and 5,430 m caused a further increase in CBF to 
53 % above the readings at sea level. Using a 
variety of invasive and noninvasive methods, 
subsequent studies, in humans [ 75 – 82 ] and ani-
mals [ 83 ,  84 ] have confi rmed and added to these 
initial observations by Severinghaus et al. [ 71 ] 
and Jensen et al. [ 74 ]. In essence, these studies 
collectively show that CBF reaches a peak 
approximately 2–3 days after arrival at HA and 
then returns to sea level values within 1–3 weeks 
(see Fig.  7.3 ). The subsequent onset of ventila-
tory acclimatization, coincides with the fall CBF 
due to an increase in PaO 2  and decrease in PaCO 2  
due to hyperventilation [ 71 ,  75 – 77 ]. Therefore, 
over this time period at a constant altitude, the 
infl uence of the PaO 2 -induced threshold for cere-
bral vasodilatation (<40–45 mmHg) is removed 
and the degree of hypocapnia is accentuated; 
both of these factors, along with elevations in 
hematocrit act to attenuate the initial rise in CBF. 
The time course of these ventilatory- induced 
changes in arterial blood gases, CBF velocity, 
blood pressure, and hematocrit are illustrated in 
Fig.  7.4 , and other factors acting to determine the 
CBF response to high-altitude exposure are fur-
ther considered. In a recent meta- analysis [ 85 ], it 
has been reported that CBF in Himalayan resi-
dents was slightly elevated compared with sea 
level subjects, and was 24 % higher compared 
with Andeans. After correction for hematocrit 
and arterial oxygen saturation, CBF remained 
~20 % higher in Himalayans compared with 
Andeans. Although the need for experimental 
evidence is needed, an altered brain metabolism 
in Andeans, and/or increased nitric oxide 

40

60

80

100

60

80

100

120

140

160

C
hange from

 baseline (%
)

60

80

100

120

M
A

P
 (

m
m

 H
g)

20

30

40

50

60

P
aC

O
2 

(m
m

 H
g)

20

40

60

80

100

120

P
aO

2 
(m

m
 H

g)

1 2 3 430

40

50

60

12-157-91-3Sea level
Days at high altitude

H
ct

 (
%

)
C

B
F
v 

(c
m

/s
)

  Fig. 7.4    Illustration of the time course in changes in CBF 
velocity in the middle cerebral artery (MCAv), mean arte-
rial blood pressure (MAP), partial pressure of arterial PO 2  
and PCO 2  (PaO 2  and PaCO 2 ) and hematocrit (HCT) at sea 
level and during various time points throughout a 15-day 
stay at 5,050 m ( Left - hand ). Data are mean ± SD; 
 n  = 14–18. Modifi ed from [ 93 ]. Note: (1) ~25 % elevation 
in CBFv upon initial arrival at 5,050 m, coinciding with 

elevations in MAP, the greatest fall in PaO 2  and highest 
point of PaCO 2  before ventilatory adjustments occur; 
(2) progressive elevation in HCT during a 2-week stay at 
5,050 m. See text for details of these multifactorial infl u-
ences that likely determine the extent of CBF change       
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 availability in Himalayans may have a role to 
explain this difference in CBF [ 85 ].

       Regulation of CBF at High Altitude 

 The initial factors that determine the magnitude 
of change in CBF depend upon the relative 
strengths of four refl ex mechanisms [ 86 ]: (1) 
hypoxic ventilatory response; (2) hypercapnic 
ventilatory response; (3) hypoxic cerebral 
 vasodilatation, and (4) hypocapnic cerebral 
 vasoconstriction. In addition to these refl ex 
responses, which most likely adjust during the 
acclimatization process, CBF is also infl uenced 
by a myriad of other hypoxic-induced changes 
(e.g., capillary density (angiogenesis), adenosine, 
viscosity/ haemtocrit, hypoxia-inducible factor, 
vascular endothelial growth factor (VEGF), free 
radicals, etc.); these factors are illustrated in 
Fig.  7.4 , and the relative time course of some of 
these major events are depicted in Fig.  7.5 . 
Following the fi rst few days at HA, hematocrit 
begins to rise and, at least in animal studies, 
reaches ~80 % of maximum by 7 days (Xu et al. 
[ 84 ]). It should be noted, however, that in humans 

a similar time course of elevation in hematocrit 
does not occur until at least 2 weeks of exposure 
(Fig.  7.4 ). Differences in the experimental model 
(e.g., animal vs. human) and degree of simulated 
hypoxia may explain these apparent differences. 
Initial elevations in hypoxia-inducible factor-1, 
indicative of tissue hypoxia, fall to about half 
after 4 days and return to baseline by 3 weeks 
[ 87 ]. In the context of the infl uence of exposure 
to hypoxia on CBF regulation, the current 
knowledge of these confl icting factors is briefl y 
reviewed. Initial focus is provided on the infl u-
ence of HA on the main factors outlined above 
which regulate CBF; namely: (1) arterial blood 
gases (including cerebral reactivity to O 2  and 
CO 2  at high altitude); (2) cerebral autoregula-
tion; (3) sympathetic nerve activity; (4) cere-
bral metabolism, and (5) systemic factors. 
Following this overview, detailed summary is 
provided to update the potential role of additional 
neuronal, hematological, and local factors which 
also act to regulate CBF at high altitude.

    Respiratory factors : The relative importance of 
oxygen and carbon dioxide at altitude has been 
debated since the time of Bert [ 88 ] and Mosso 
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hypoxic exposure. During acute exposure to poikilocapnic 
hypoxia, the hypoxic-induced hyperventilation and subse-
quent hypocapnia causes cerebral vasoconstriction, thereby 
reducing CBF. Ventilatory decline associated with acute 
hypoxic exposure coincided with an increase in CBF. During 

chronic hypoxic exposure, the increase in CBF peaks after 
1–2 days followed by a slow and progressive decline 
towards sea level baseline. In addition, this decline coincided 
with a steady increase in basal ventilation and elevation 
in cerebral capillary density from ~day 4. Furthermore, 
hematocrit concentration steadily increases with prolonged 
hypoxic exposure (Fig.  7.3 ). Modifi ed from [ 139 ]       
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[ 89 ] over 100 years ago. Hypoxia causes vasodi-
latation and an increase in CBF [ 90 ] (Fig.  7.3 ). 
However, a break to this vasodilatation occurs 
because the hypoxic ventilatory response causes 
a fall in CO 2  and hence vasoconstriction [ 91 ]. 
The CBF response to isocapnic hypoxia is there-
fore greater than the response to poikilocapnic 
hypoxia [ 92 ]. During the fi rst 1–3 days at HA, 
CBF is elevated via a greater relative degree of 
hypoxia compared with less severe level of hypo-
capnia. This balance of arterial blood gases in the 
regulation of CBF is highlighted in Fig.  7.6 , and 
shows that a low PaO 2  to PaCO 2  ratio results in a 
greater degree of hypoxic vasodilatation for a 
given hypocapnic vasoconstriction [ 93 ]—this 
balance, prior to ventilatory acclimatization, 
accounts for ~30 % of the  initial increase in CBF. 
Moreover, hypoxic-induced elevations in blood 
pressure (Fig.  7.4 ), coinciding with the greatest 
degree of hypoxia and loss of cerebral autoregu-
lation (see Sect.  7.3.2 ) may also infl uence the ini-
tial increase in CBF. The process of ventilatory 
acclimatization results in a progressive rise of 
ventilation that increases PaO 2  and reduces 
PaCO 2  (reviewed in: [ 94 ]). Nevertheless, at a 
given altitude, those individuals who show a 

“brisk” ventilatory response will have a higher 
PaO 2  and lower PaCO 2  than those individuals 
who have a “blunted” response, and therefore are 
likely to have lower CBF (Fig.  7.7 ); a greater 
inhibitory response to the resultant hypocapnia 
may also accelerate this ventilatory drive to 
hypoxia. In addition, during ventilatory acclima-
tization, the associated change in CSF pH, and 
likely resulting alkalosis, has been suggested as 
another factor responsible for the falling CBF 1 ; 
however, it should be noted that experimental 
evidence to directly link changes in CSF with 
CBF regulation have not been reported.

    The balance of these changes in arterial blood 
gases, as mentioned, are time dependant (i.e., 
partly dependent on acid–base changes) and have 
a major infl uence on CBF. In addition, during 
ventilatory acclimatization, the associated change 
in CSF pH, and probable persisting but attenu-
ated alkalosis, is likely to be another factor 
responsible for the falling CBF. In terms of the 
relative contribution of the two, because of this 
differential sensitivities to PaO 2  and PaCO 2  [ 11 ], 
it seems that PaCO 2  may be more important than 
PaO 2 ; however, an example where the chronic 
vasodilatory infl uences of hypoxia may 

CBF

Factors acting to increase
CBF at altitude

Factors acting to decrease
CBF at altitude

- ↓ VAH (↓PaO2 to PaCO2 ratio)
- ↑ CBF reactivity to PaO2
- ↓ CBF reactivity to ↓PaCO2
- ↑ capillary density and CBV
- ↑ MAP and loss of autoregulation?
- ↑ release of local factors (adrenaline,
adenosine, angiotension-II)
- ↑ endothelial-derived vasodilator
substances (NO, PGE, EDHF)

+ -

- ↑ VAH (↑ PaO2 to PaCO2 ratio)
- ↑ CBF reactivity to ↓PaCO2
- ↑ cerebral SNA?
- ↑ HCT
- ↑ release of local factors
(noradrenaline, pH)
- ↑ endothelial-derived vasoconstrictor
substances (ET-1, O2

-)

  Fig. 7.6    Summary of the major factors acting to increase ( plus ) and decrease ( minus ) CBF during exposure to 
hypoxia.  VAH  ventilatory acclimatization to hypoxia. Data from sources cited in text       
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 outcompete the hypocapnic vasoconstriction is at 
extreme altitudes (>6,400 m) [ 95 ]. The benefi t of 
this vasodilation refl ects the need to maintain 
adequate cerebral oxygen delivery. 

 C erebrovascular reactivity : The magnitude of 
change in CBF also depends upon the relative 
strengths of hypoxic vasodilatation and hypocap-
nic vasoconstriction. The signifi cance of altera-
tions in cerebrovascular reactivity to hypoxia and 
hypocapnia is related to whether or not the intrin-
sic ability of the cerebrovascular bed to dilate or 
constrict at HA is altered from that at sea level. 
Experimental studies that have examined the 
infl uence of exposure to HA on cerebral reactiv-
ity are limited and have produced variable results. 
For example, Jensen et al. [ 90 ] reported a 34 % 
increase in CBF response (TCD) to acute isocap-
nic hypoxia following 5 days at HA (3,810 m). 

They also observed increases in estimated CBF 
reactivity to CO 2 , suggesting this increase in 
reactivity could be fully accounted for by the pro-
portional and gradual changes in PCO 2  and cere-
brospinal fl uid [HCO 3  − ] with acclimatization, 
which resulted in larger cerebrospinal fl uid pH 
changes per mm Hg PCO 2  change. It should be 
noted that experimental data to support this pos-
sibility are not available and that it in order to 
clarify the mechanisms involved, knowledge of 
arterial-venous PCO 2  gradients and CO 2  fl ux 
across the brain would be needed. In contrast, 
other studies have reported that, when compared 
to sea level, CBF reactivity to hypercapnia is 
reduced [ 96 – 98 ] or unchanged [ 99 ] at HA and 
CBF reactivity to hypocapnia is either enhanced 
[ 97 ,  98 ,  100 ] or unchanged [ 96 ,  99 ]. In reconcil-
ing these divergent fi ndings, it has been reported 
that subjects with acute mountain sickness 
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(AMS) have greater cerebral hemodynamic 
responses to hypocapnia and a greater reduction 
in hypercapnic reactivity (compared with no- 
AMS subjects) [ 101 ]. Thus it seems like mal-
adaption to altitude [ 100 ,  101 ] might lead to a 
differential change in CBF reactivity to hypocap-
nia compared to well acclimatized subjects [ 96 , 
 97 ,  99 ] and HA natives [ 97 ,  101 ]. However, it is 
important to point out that differences in experi-
mental protocol (length of hypoxic exposure), 
method of assessing CBF reactivity (steady-state 
vs. rebreathing [ 102 ]), degree and type of hypoxic 
exposure (simulated vs. HA), and limited sample 
size may explain the differences in the observed 
CBF reactivity following exposure to HA. 

  Cerebral autoregulation : Although the 
mechanism(s) for cerebral autoregulation have 
not been fully determined, they are most likely to 
involve a complex interplay of myogenic, meta-
bolic, and neurogenic mechanisms [ 50 ]. As indi-
cated (Figs.  7.1 ,  7.2 ,  7.3 ,  7.4 ,  7.5 ,  7.6 ,  7.7 , and 
 7.8 ), many of these mechanisms are potentially 
infl uenced by hypoxia. There have been a num-
ber of studies that have examined the infl uence of 

high altitude on cerebral autoregulation. These 
studies indicate an impairment of cerebral auto-
regulation [ 96 ,  103 ,  104 ] in both newcomers to 
high altitude and in permanent high-altitude resi-
dents living above 4,000 m [ 105 ], especially in 
the presence of AMS [ 106 – 108 ]. Impairment in 
cerebral autoregulation, leading to over- perfusion 
and vasogenic edema subsequent to mechanical 
disruption of the blood–brain barrier, has been 
implicated [ 109 ] in the selective accumulation of 
intracellular cytotoxic and extracellular vaso-
genic edema observed in AMS [ 110 ]. However, 
the linkage of alterations in cerebral autoregula-
tion with susceptibility to AMS is not supported 
in all studies [ 111 ,  112 ]. Moreover, the fact that 
permanent high-altitude residents living above 
4,000 m [ 105 ] have an impairment in autoregula-
tion in the absence of AMS may further support 
the notion that changes in autoregulation is not 
important in the pathophysiology of AMS. 
Differences in methods to assess static and 
dynamic cerebral autoregulation and our poor 
understanding of these methods and related 
mechanisms regulating autoregulation may 
explain these divergent fi ndings.

  Fig. 7.8    Diagram of venous hypertension mechanism.  CSF  cerebrospinal fl uid. Modifi ed from [ 155 ]       
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    Cerebral metabolism at high altitude : There are 
few fi eld studies of brain oxygen consumption or 
extraction at altitude because such studies would 
require arterial and venous (jugular) measure-
ments. Moller et al. [ 113 ] studied cerebral meta-
bolic rates of oxygen and glucose and CBF using 
the Kety–Schmidt technique [ 73 ] in nine accli-
matized individuals at rest and during exercise at 
sea level and at 5,260 m. Despite profound 
changes in breathing, no changes were seen in 
CBF or oxidative metabolism. PET studies have 
shown that the Quechua people (natives of the 
Andes who live at high altitudes) have lower 
 glucose metabolism, mainly associated with 
cortical areas (e.g., the frontal cortex), compared 
with lowlanders. This could provide a mecha-
nism to protect the brain from chronic hypoxia 
[ 114 ,  115 ]. There is also evidence that animals 
that adapt well to hypoxia can alter the oxygen 
consumption of their brains [ 116 ]. 

  Autonomic control of CBF at high altitude : A 
number of studies have reported general eleva-
tions in sympathetic activity [ 117 ,  118 ] following 
ascent to high altitude. Although the cerebral vas-
culature has rich innervation by sympathetic 
nerves [ 119 ], the infl uence of adrenergic activity 
and high altitude on the cerebral circulation—
particularly cerebral hemodynamics—is surpris-
ingly unclear [ 120 ]. As mentioned, high altitude 
has been reported to elevate cerebrovascular 
reactivity to both hypocapnia and hypercapnia 
[ 81 ,  112 ]. In contrast, acute sympathetic activa-
tion (e.g., hand-grip, LBNP) at sea level gener-
ally leads to maintained cerebrovascular CO 2  
reactivity [ 121 ,  122 ]. Moreover, at sea level, 
sympathetic deactivation (via ganglionic blockade) 
reduces cerebral reactivity to hypercapnia [ 123 ]; 
however, since blood pressure may infl uence 
CBF [ 124 ], this lowering of reactivity is likely 
confounded by an attenuated hypercapnia- induced 
pressure response [ 61 ,  123 ]. Thus, the effects of 
chronic high-altitude-induced sympathetic acti-
vation appear to manifest differently than acute 
sympathoexcitation with respect to cerebrovas-
cular reactivity. 

 As also mentioned, the brain can modulate its 
own blood supply to some degree in the face of 
changes in arterial pressure [ 124 ]—a process 
termed cerebral autoregulation that involves fast 
(dynamic) and slow (static) regulatory compo-
nents which form a “continuum” of responses. 
These two temporally differentiated components 
appear to be mediated by different mechanisms, 
with dynamic cerebral autoregulation possessing 
more effective neural control of CBF [ 51 ]. For 
example, removal of autonomic neural activity 
with ganglion blockade has been shown to 
increase transfer function gain between beat-
to- beat changes in arterial pressure and CBF 
velocity, and reduce the phase lead of CBF velocity 
to arterial pressure. These changes are indicative 
of impaired dynamic cerebral autoregulation 
(i.e., less uncoupling of cerebral from systemic 
haemodynamics), implying that autonomic neu-
ral control is tonically active and plays an impor-
tant role in the human CBF regulation [ 51 ]. 
Studies conducted at high altitude indicate that 
dynamic cerebral autoregulation is impaired 
upon acute exposure to hypoxia or high altitude 
[ 104 ,  107 ,  112 ,  125 ] and does not improve with 
partial acclimatization [ 126 ]. This deterioration 
in cerebral autoregulation is generally manifested 
by increased coherence and gain and/or reduced 
phase of the transfer function between blood 
pressure and MCAv within the optimal autoregu-
latory frequency range. An explanation of these 
fi ndings may be that, despite favorable changes 
in hypoxia and hypocapnia that act to improve 
cerebral autoregulation [ 120 ], the autonomic ner-
vous system may not function appropriately to 
effectively regulate CBF [ 126 ] due to the intense 
sympathetic hyperactivity at HA. Recently, the 
extent to which neural control governs any 
changes in cerebral autoregulation in humans at 
high altitude has been examined. Dynamic auto-
regulation and cerebrovascular reactivity was 
assessed at sea level and again at 5,050 m before 
and after combined α- and β-adrenergic blockade 
[ 127 ]. Despite elevations in CBF velocity reactiv-
ity to hypercapnia at 5,050 m, blockade reduced it 
comparably at sea level and HA—effects that 
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were attributed to the hypotension and/or 
 abolition of the hypercapnic-induced increase in 
MAP rather than the direct effects of sympathetic 
nerve activity. In contrast, this study revealed a 
functional role of sympathetic nerve activity in 
regulating some commonly used metrics of 
dynamic cerebral autoregulation. However, it 
should be noted that there is no “gold-standard” 
or normative data for the assessment of dynamic 
cerebral autoregulation; and the physiological 
and clinical implications for changes in dynamic 
cerebral autoregulation and related transfer func-
tion analysis metrics are still unclear [ 128 ]. For 
example, dynamic cerebral autoregulation incor-
porates both active cerebral autoregulation as 
well as Windkessel (i.e., compliance) compo-
nents. Nevertheless, hypoxic-induced elevations 
in sympathetic nerve activity have the potential 
to affect CBF and its regulation (i.e., reactivity 
and autoregulation) by both direct and indirect 
(e.g., blood pressure) mechanisms (Fig.  7.1  and 
 7.2 ). Based on studies of sheep at simulated high 
altitude, it has been reported that increased sym-
pathetic tone might increase cerebrovascular 
resistance, acting to attenuate CBF over time 
[ 129 ]. Although it would seem plausible that ele-
vations in sympathetic nerve activity at high alti-
tude would act to constrain elevations in CBF, 
experimental data is lacking to support or refute 
this possibility. 

    Additional Factors Affecting Vessel 
Tone and CBF 
  Neuronal activation : A major factor acting to 
increase CBF is the hypoxic-induced stimulation 
of neuronal pathways that originate or pass 
through the brain stem [ 130 ,  131 ]; these closely 
relate to the blood oxygen content [ 132 ,  133 ]. 

  Hematocrit : CBF varies inversely with haemt-
ocrit in many species under both acute (i.e., acute 
anaemia) and chronic (i.e., erythropoiesis) exper-
imental conditions. While the mechanism(s) 
behind this relationship remains unclear, two 
possible explanations have been proposed: (1) 
alterations in plasma viscosity elicit shear stress- 
mediated compensatory changes in the cerebral 

vascular resistance in order to maintain CBF 
constant [ 28 ,  134 – 136 ]; (2) reductions in cere-
bral arterial content elicit vasodilatory responses 
in order to maintain bulk O 2  transport (e.g., 
CBF × cerebral arterial O 2  content) to the brain 
[ 27 ,  132 ,  133 ,  137 ]. 

  Angiogenesis : Another mechanism acting to ele-
vate CBF during exposure to high altitude is 
angiogenesis. Indeed, the induction of angiogen-
esis in the mammalian brain is one of the more 
dramatic adaptations to hypoxia, causing a near 
doubling of the capillary density that occurs 
between 1 and 3 weeks of exposure [ 138 – 140 ]. 
The cellular mechanisms through which hypoxia 
stimulate angiogenesis are now beginning to be 
understood (for review see: [ 141 ]). The funda-
mental importance of hypoxic-induced eleva-
tions in capillary density are related to an increase 
in cerebral blood volume [ 142 ,  143 ] and, poten-
tially, subsequent cerebral vasodilatation. Although 
experimental evidence in humans is lacking, 
hypoxic-induced elevations in cerebral blood 
volume have been directly related to capillary 
density [ 144 ]. It is clear that hypoxia causes a 
cascade of local mechanisms that underline the 
reported hypoxic-induced vasodilatation; how-
ever, the normalization of CBF over time at HA 
indicates that the vasodilatory factors are  balanced 
out by the various factors acting to attenuate CBF. 

  Adenosine : Brain adenosine levels increase rap-
idly within 30 s to 5 min hypoxia exposure which 
mirrors the increase in CBF [ 145 ] This mecha-
nism is thought to be involved in the very fast 
arteriole distension of hypoxic vasodilatation and 
it is thought the adenosine expression must be 
close to arteriolar smooth muscle, e.g., from glial 
end feet. 

  Potassium  ( K  + ): The hypoxia-induced rise in K +  
may also be involved in hypoxic vasodilatation. 
At least in single vessel studies, endothelial K +  
channel activation results in increased concentra-
tion of intracellular calcium which in turn results 
in release of nitric oxide [ 146 ]. However, it 
should be noted that respiratory alkalosis 
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(as would be caused by high altitude) causes 
hypokalemia by stimulating intracellular uptake 
of K +  and renal excretion. Thus, it is unclear if 
changes in K +  may infl uence changes in CBF 
upon ascent to high altitude. 

  Nitric Oxide  ( NO ): Nitric Oxide Synthase III 
(endothelial Nitric Oxide Synthase—eNOS) pro-
duces NO or endothelial-derived relaxing factor 
[ 147 ]. NO has a short half-life and rapidly 
diffuses to vascular smooth muscle where it 
interacts with Ca 2+  modulation mediated by 
cGMP. This results in vasodilatation. Appenzeller 
et al. [ 148 ] used TCD changes in response to an 
exogenous NO donor in 9 altitude-native 
Ethiopians and 9 altitude-native Peruvians to 
assess how adapted to altitude each different race 
is. The circulation response to NO was minimal 
in Ethiopians at low altitude, while Peruvians had 
a large response. In contrast, at high altitude, 
Ethiopians had a large response and Peruvians 
had minimal. They concluded Peruvians were 
well adapted lowlanders while Ethiopians were 
highlanders adapted to that life. Nevertheless, 
since different NO donors and altitudes may 
affect the diameter of the MCA and therefore the 
CBF response, caution is needed in the interpre-
tation of these fi ndings.  

    Factors Affecting Vessel Permeability 
  Hydrostatic pressure : A number of studies [ 71 , 
 74 ,  101 ] have speculated that the increased CBF 
at altitude would result in an increase in hydro-
static pressure. Such increases occur in other 
clinical conditions such as hypertensive enceph-
alopathy and toxaemia of pregnancy. These 
conditions also cause a reversible increase in 
white matter T2 signal [ 149 ]. 

  Venous Hypertension : Idiopathic (or Benign) 
Intracranial Hypertension has recently been 
demonstrated to be closely related to sinovenous 
outfl ow obstruction [ 150 ,  151 ]. This obstruction 
would directly increase hydrostatic pressures. 
Such anatomical variations that cause this clini-
cally may only become apparent under the 
stressor of hypoxia and hence account in part for 
the predisposition some have for AMS or high- 

altitude cerebral edema (HACE) [ 145 ]. 
 High- altitude pulmonary edema (HAPE) itself 
may increase venous pressures and hence trigger 
HACE. The presence of retinal [ 152 ] and cere-
bral hemorrhages [ 153 ] and autopsy evidence of 
antemortem venous thrombosis also suggests 
this is a possible mechanism [ 154 ]. Retinal 
venous distension [ 152 ], cerebral hemorrhages 
[ 153 ] and the increased venous blood demon-
strated by near infrared spectroscopy and more 
recently by MRI imply that, in hypoxia, a rela-
tive venous insuffi ciency may exist (see: [ 155 ] 
for review). Similarly, there is increasing evi-
dence that manifestations of the fl uid shift during 
microgravity is of similar nature to idiopathic 
intracranial hypertension, which is thought to be 
primarily a venous insuffi ciency condition. The 
unique anthropomorphic adaptations of large 
brained biped humans with cerebral venous sys-
tems that have to cope with large changes in 
hydrostatic pressure may result in conditions of 
infl ow/outfl ow mismatch. In addition, slight 
increases in central venous pressures (e.g., from 
hypoxia-induced pulmonary vasoconstriction) 
may further compromise venous outfl ow at alti-
tude [ 155 ]. A simplifi ed venous hypertension 
model is outlined in Fig.  7.8 . In a steady state, 
fl ow in equals fl ow out. In clinical syndromes of 
outfl ow obstruction, fl ow in still equals fl ow out, 
but the pressure to drive the outfl ow is greater to 
overcome additional resistance. In hypoxia a 
number of mechanisms may contribute to 
increased intracranial blood (and in particular 
venous) volume, but all center on the limiting 
step of venous drainage [ 155 ]. Recently, it had 
been reported that arterial hypoxemia is associ-
ated with cerebral and retinal venous distension 
(as assessed from retinal venous distinction and 
MRI) whose magnitude correlates with symp-
toms of high-altitude headache [ 156 ]. This study 
provides the fi rst evidence that restriction in 
cerebral venous outfl ow is associated with both 
retinal distension and symptoms of high-altitude 
headache [ 156 ]. Therefore, an infl ow (i.e., CBF) 
and outfl ow (i.e., cerebral venous physiology) 
matching in the context of high altitude seems to 
be an important adjustment in the pathogenesis 
of AMS-related headache. 
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  Role of pulmonary vascular vasoconstriction : 
Alterations in pulmonary vascular tone may also 
play a role in regulating cerebrovascular function 
at high altitude. It is well known that, because of 
hypoxic-induced pulmonary vasoconstriction, 
pulmonary systemic pressure increases during 
hypoxic exposure [ 157 ]. Elevations in pulmo-
nary vascular resistance can also impair cardiac 
function, e.g., increase right ventricular end-dia-
stolic and atrial pressure, and reduce left atrial 
fi lling [ 157 ]. In addition, elevations in right atrial 
pressure can lead to venous drainage obstruction 
in certain organs like the brain, resulting in 
increased cerebral venous pressure, cerebral 
blood volume, and subsequent cerebral edema at 
HA [ 145 ]. However, apart from severe cases of 
HAPE and Chronic Mountain Sickness (CMS), it 
is unlikely that hypoxic pulmonary vasoconstric-
tion at high altitude leads to any degree of right 
heart insuffi ciency with its attendant elevation of 
right arterial pressure or failure to load the left 
side of the heart. Please refer to Chaps.   5    ,   6    , and 
  21     for greater detail on the pulmonary circula-
tion, heart, hypoxic pulmonary vasoconstriction, 
and HAPE. 

  Direct effects of hypoxia : Hypoxia itself 
can damage basal membrane structures [ 158 ]. 
Houston proposed that hypoxia suppresses the 
sodium-potassium pump in cell membranes lead-
ing to cell swelling [ 159 ]. Kallenberg et al. [ 110 ], 
fi nding of cytotoxic edema in AMS, support this 
possibility. A reduction in cellular PO 2  decreases 
the expression and activity of the Na + /K +  ATPase 
in several cell types, such as alveolar epithelial 
cells, endothelial cells, and neuronal cells 
(reviewed in: [ 145 ]). This might represent a 
mechanism that cells, possibly neurons, use to 
reduce energy expenditure in hypoxia. 

  Hypoxia-Inducible Factor  ( HIF ): HIF-1 is a het-
erodimeric factor composed of HIF-1α and 
HIF-1β protein subunits. In normoxia HIF prolyl- 
hydroxylase breaks down HIF, but in hypoxia 
HIF prolyl-hydroxylase is inhibited and HIF-1α 
binds to promoter/enhancer elements causing 
increased transcription of classic hypoxia- 

inducible target genes. Such genes are involved 
in angiogenesis (VEGF) and erythropoesis 
(erythropoietin [ 160 ]). Atrial naturetic peptide 
and nitric oxide synthase are also induced [ 160 ]. 

  Vascular Endothelial Growth Factor  ( VEGF ): An 
explanation for hypoxic-induced increases in 
vascular permeability via the VEGF pathway 
was fi rst suggested by Severinghaus [ 161 ]. 
Hypoxia induces VEGF expression and blockage 
of that expression with VEGF specifi c antibodies 
prevents vascular leakage in the brain. 
Dexamthasone appears to block VEGF expres-
sion and hence reverse hypoxia-induced brain 
edema [ 162 ]. Early studies had shown no correla-
tion between VEGF levels and AMS [ 163 ]. 
Recently, however, the soluble VEGF receptor 
(sFlt-1) which can bind VEGF in the circulation 
and was not accounted for in earlier work has 
been studied [ 164 ]. In this study of 20 subjects 
who were driven to 4,300 m, subjects who devel-
oped AMS had lower sFlt-1 and hence signifi -
cantly higher levels of free plasma VEGF on 
ascent than well subjects. 

  Free radicals : The study of free radicals is diffi -
cult due to their very short half-life. A number of 
studies however imply that neuroxidation and the 
subsequent infl ammatory response may damage 
cerebrovascular endothelium [ 165 – 168 ]. In a 
recent study Bailey et al. found that there was a 
progressive increase in blood and CSF concentra-
tions of free radicals (lipid-derived alkoxyl and 
alkyl species) and IL-6 during a 16–8 h simulated 
exposure to 4,600 m (12 % O 2 ) [ 165 ]. Although 
this induced a mild (0.6 % or 7 mL) increase in 
brain volume, no underlying morphological 
changes (e.g., edema) were seen on MRI.    

      Role of Cerebral Blood Flow 
in Altitude Illness 

 The role of CBF regulation in the pathophysiol-
ogy of AMS and HACE is outlined in Chap.   20    ; 
thus, only brief aspects of this area are outlined 
below. 

7 Cerebral Circulation and Brain

http://dx.doi.org/10.1007/978-1-4614-8772-2_5
http://dx.doi.org/10.1007/978-1-4614-8772-2_6
http://dx.doi.org/10.1007/978-1-4614-8772-2_21
http://dx.doi.org/10.1007/978-1-4614-8772-2_20


156

    High-Altitude Cerebral Syndromes 

  Headache  ( HAH ): The International Headache 
Society defi ned a high-altitude headache (HAH) 
as a headache associated with ascent to altitude 
that responds to simple analgesia [ 169 ]. The 
headache should have started within 24 h of 
ascent, resolve within 8 h of decent. The head-
ache is bilateral, frontal or fronto-temporal and is 
of a dull or pressing quality, mild or moderate in 
intensity and aggravated by exertion, movement, 
straining, coughing, or bending. These are com-
mon but can be diffi cult to distinguish from a 
headache secondary to dehydration. Management 
principally consists of stopping ascent, analgesia, 
rehydration, and descending if no improvement. 
HAH would normally be expected to resolve 
within 10–15 min of supplementary oxygen, and 
this intervention can help to distinguish it from a 
common migraine. 

  Acute Mountain Sickness  ( AMS ): Some consider 
that AMS is a progression of HAH. The Lake 
Louise Consensus Group defi ned AMS in 1993 
as the presence of headache in an unacclimatized 
person who has recently arrived at an altitude 
above 2,500 m with one or more of the additional 
symptoms: gastrointestinal symptoms (anorexia, 
nausea, or vomiting), insomnia, dizziness, and 
lassitude or fatigue [ 170 ]. 

  High-Altitude Cerebral Edema  ( HACE ): HACE 
can be considered as the fi nal encephalopathic 
and potentially life-threatening stage of cerebral 
altitude illness. There is often evidence of pre-
ceding AMS or HAPE. It is usually marked by 
disturbances of consciousness that may eventu-
ally progress to deep coma, psychiatric changes 
of varying degree, confusion and ataxia of gait 
[ 171 ]. There have been reports of HACE devel-
oping  de novo  in the absence of headache but this 
is rare [ 172 ].  

        Cerebral Perfusion and Altitude Illness 

 Some subjects are more tolerant of hypoxia than 
others resulting in variations in CBF changes. 
The less tolerant have more hypoxic drive, more 

hypocapnia, and more vasoconstriction. Harvey 
et al. found the addition of 3–5 % CO 2  to inspired 
air induced a feeling of well-being during high- 
altitude exposure [ 173 ] and also improves brain 
oxygenation [ 174 ,  175 ]. However chronic expo-
sure to elevated CO 2  can worsen symptoms [ 176 ]. 
The claim that adding 3 % CO 2  to air has a ben-
efi cial effect was soon challenged by Bartsch 
et al. [ 177 ] who randomly allocated 20 mountain-
eers with AMS at 4,559 m to three treatment 
groups: (1) with 33 % O 2 , (2) with 3 % CO 2  in air, 
and (3) an air control. Thirty-three percent O 2  
signifi cantly relieved symptoms of AMS and 
reduced CBF, but CO 2  addition did not signifi -
cantly ameliorate AMS, despite the rise of PCO 2 , 
ventilation, and alveolar PO 2 . 

 Jensen et al. [ 74 ] used radiolabeled xenon in 
12 individuals who ascended from 150 m to 
3,475 m, and found an increase in CBF of 24 %. 
Ascent from 3,200 m to between 4,785 and 
5,430 m caused a further increase in CBF to 53 % 
above the readings at sea level; however, there 
was no difference in CBF between individuals 
with and without AMS. 

 TCD is a noninvasive ultrasound technique 
that has been used to assess relative changes in 
CBF velocity at high altitudes. A 2 Mhz ultra-
sound probe is focused through the temporal 
bone window onto the middle cerebral artery 
measuring the velocity of the blood within the 
artery, which to date is assumed to represent 
CBF. Recent evidence highlights the need to 
interpret TCD ultrasound with caution during 
extremes of hypoxia [ 11 ,  95 ]; during such levels, 
dilation of the middle cerebral artery may occur, 
thus invaliding this approach to estimate CBF. 

 It has been suggested that the headache 
observed in subjects with AMS could be second-
ary to an increase in CBF [ 74 ,  101 ]. However 
Baumgartner et al. [ 178 ] found no signifi cant 
change in velocity and no correlation with the 
development of AMS when they studied 10 sub-
jects at 0, 3, and 6 h on decompression to 4,559 m. 
The absence of consistent early changes in 
middle cerebral artery velocity has also been 
corroborated by the results of studies of carotid 
and vertebral artery velocities [ 79 ,  179 ]. This is 
in part explained by the substantial interindividual 
differences that were observed. However, in 
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contrast, 12–24 h after arrival at high altitudes 
(3,475–4,559 m) several Doppler studies found 
increases of 20–27 % in velocity in the middle 
cerebral artery [ 78 – 80 ]. These ultrasound fi ndings 
are in accordance with the results of Severinghaus 
et al. [ 71 ] and Jensen et al. [ 74 ]. It may be that the 
observed delayed increase in middle cerebral 
artery velocity could explain the delay in the 
development of AMS and HACE. 

 Dyer et al. [ 180 ] quantifi ed regional CBF 
using arterial spin labeling MRI during 30-min 
hypoxia in 12.5 % oxygen. They studied 6 AMS 
susceptible and 6 AMS resistant subjects. Steady- 
state whole-brain CBF increased in hypoxia 
( p  < 0.005), but did not differ between groups, 
and cerebral oxygen delivery remained constant. 
The percent change in CBF did not differ between 
brain regions or between groups. They found 
CBF increased in acute hypoxia, but was not 
different between white matter and grey matter, 
irrespective of AMS susceptibility. 

 It has been proposed that it is not the actual 
change in CBF itself but the loss of autoregula-
tion that is implicated in the development of 
AMS; however, this linkage is not a universal 
fi nding (see Sect.  7.3.2 ). 

 Although there is some indirect evidence to 
suggest that exercise at altitude may increase the 
likelihood of an individual developing AMS and 
HACE [ 181 ], not all studies agree [ 182 ]. Imray 
et al. [ 183 ] assessed cerebral perfusion during 
exercise in nine individuals who ascended to 
5,260 m, and found an increase in middle cere-
bral artery velocity with increasing altitude while 
subjects were at rest. At intermediate levels of 
exercise, there was an increase in middle cere-
bral artery velocity but at maximum exercise 
levels, a reduction of CBF velocity in the middle 
cerebral artery was observed. The pronounced 
rise in blood pressure and elevated middle cere-
bral artery fl ow could cause stress to the blood–
brain barrier, possibly leading to vasogenic 
edema. Subudhi et al. [ 184 ] have reported simi-
lar results. However, a recent study indicated 
that mass cerebral oxygen delivery via CO 2 -
mediated vasodilation does not improve incre-
mental exercise performance in normoxia or 
hypoxia, at least when accompanied by respira-
tory acidosis [ 185 ].  

    Cerebral Oxygenation 

 Cerebral NIRS has been shown to correlate with 
jugular venous bulb saturations in healthy volun-
teers undergoing isocapnic hypoxia [ 186 ]. The 
technique has also been validated with PET scan-
ning [ 187 ]  133 Xe washout methods [ 188 ] and with 
internal carotid artery stump pressures [ 189 ]. 
Imray et al. [ 190 ] demonstrated a progressive fall 
in resting regional brain saturation (rSO 2 ) with 
altitude that did not correlate with AMS severity. 
Hadolt examined 17 volunteers trekking in Nepal 
in 2003 [ 191 ] and found that increases in altitude 
resulted in a signifi cant fall in rSO 2 . Imray et al. 
[ 175 ] subsequently demonstrated that adminis-
tering small supplemental CO 2  actually increased 
rSO 2  (presumably by reducing hypocapnic- 
induced vasoconstriction). Imray et al. [ 183 ] 
studied 9 subjects using a recumbent bicycle up 
to 5,260 m. At sea level, sub maximal exercise 
resulted in an increase in rSO 2  from 68.4 to 
70.9 %. At VO 2  max, this reduced slightly to 
69.8 %. However, at each altitude above this, 
rSO 2  was reduced during increasing exercise. 
Similarly, Subudhi et al. [ 192 ] studied 13 cyclists 
exercising to VO 2  max under normoxic and acute 
hypoxic (12 % FiO 2 ) conditions. NIRS moni-
tored left vastus lateralis and frontal cerebral 
cortex. In normoxia, they demonstrated that fron-
tal cortex rSO 2  increased from 25 to 75 % of VO 2  
max then fell towards 100 % of VO 2  max. During 
hypoxia however, they found cerebral rSO 2  
dropped across all work levels. From this they 
concluded that cerebral oxygenation could limit 
incremental exercise performance at altitude. 
Using multichannel near infrared cerebral 
 spectroscopy, it has been suggested that pre-
frontal, premotor, and motor cortex deoxygen-
ation during high-intensity exercise contributed 
to an integrative decision to stop exercise [ 193 ]. 
Vuyk et al. [ 194 ] demonstrated that acetazolo-
mide helped to maintain cerebral oxygenation 
(as measured using NIRS during exercise in a 
group of 16) up to 5,700 m. Wolff [ 72 ], in a 
reanalysis of results from the paper by 
Severinghaus et al. [ 71 ], demonstrated that 
despite an approximate 20 % reduction in arterial 
oxygen content at 3,810 m altitude, increases in 
CBF were able to offset any signifi cant fall in 
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cerebral oxygen delivery. Although these fi ndings 
indicate that brain oxygen saturation decreases 
with altitude and to an even greater degree with 
exercise at altitude, they highlight that at extreme 
altitude (>6,400 m), cerebral vasodilation occurs 
resulting in maintained cerebral oxygenation [ 95 ].   

    Infl uence of High Altitude 
on Cognitive Function 

    Background 

 Ascent to altitude results in a subtle decline in 
some of our more sophisticated cognitive skills. 
The mountain environment is potentially dangerous 
and the complex decisions needed for safe travel 
require a normal functioning brain. Some of the 
tragedies that have occurred at high altitude, 
such as the events on high on Everest in 1996, 
may have resulted from a critical loss of judg-
ment [ 195 ,  196 ]. The mortality on descent from 
the summit of Everest is three times greater for 
those climbers not using oxygen than in those 
who did, which lends further support to the 
possibility [ 196 ,  197 ]. More recently a study into 
all the deaths on Mount Everest between 1921 
and 2006 found that of the 212 deaths, 94 
occurred above 8,000 m [ 198 ]. Most of these 
deaths occurred on descent. Cognitive impair-
ment, ataxia, profound fatigue, late summit times, 
and the tendency to fall behind companions were 
all features seen in non-survivors. Respiratory 
distress, nausea, vomiting, and headache, com-
mon indicators of altitude illness at 2,500–
5,000 m, were rarely noted in the non-survivors 
above 8,000 m.  

    Neuropsychological Effects 
of Acute Exposure 

 Nothing caught the attention of the public regard-
ing the potential dangers of acute exposure to 
high altitude more than the exploits of the early 
balloonists. On 5th of September 1862, two 
British balloonists, James Glaisher and Henry 
Coxwell, took off from Wolverhampton in the 

West Midlands, UK and ascended to over 
8,800 m. Glaisher reported paralysis of his arms 
and legs and sudden loss of vision before losing 
consciousness. Coxwell lost the use of his hands 
and could only open the valve to initiate balloon 
descent by pulling the cord with his teeth. After 
landing, they were able to walk seven miles to 
Cold Weston near Ludlow, suggesting they had 
no residual neurological defi cits [ 199 – 201 ]. 
Thirteen years later, the fi rst deaths attributable to 
acute high-altitude exposure were reported when 
three Frenchmen lost consciousness ascending 
through 7,000 m. Hypoxia had dulled their minds 
suffi ciently they had forgotten to use the oxygen 
Paul Bert had provided. Only Tissandier survived to 
tell the tale of the fateful fl ight of the Zenith [ 202 ]. 

 These early accounts relate to the acute neuro-
logical effects of hypobaric hypoxia. The fi rst 
detailed clinical descriptions of the consequences 
of slower ascent were given by Thomas Ravenhill 
in 1913 while working as a medical offi cer in the 
mines of northern Chile. He provided a classifi -
cation of high-altitude illness and described 
the features of both high-altitude cerebral and 
pulmonary edema [ 203 ,  204 ]. Seminal among 
the early studies is the account published by 
McFarland in 1937. Using a variety of assess-
ments of sensory, motor, and cognitive function 
McFarland found that individuals taken rapidly 
(over hours) to altitudes between 15,000 and 
16,500 ft. exhibited impairment of both simple 
and complex psychological performance [ 205 ]. 

 With the development of the jet engine and 
improvements in aircraft design, including cabin 
pressurization after World War II, rapid ascent to 
extremely high altitude became possible. Luft 
et al. studied the effects of rapid decompression 
to 55,000 ft. from 30,000 ft. in subjects breathing 
100 % oxygen [ 206 ]. There appeared to be a 
minimum latency of between 15 and 17 s prior to 
the loss of consciousness regardless of the alti-
tude achieved. It is clearly diffi cult to study, but 
cerebral function appeared to unimpaired for 
several seconds after the oxygen supply in the 
surrounding capillaries reached its lowest level. 
Interestingly, humans born and living at altitude 
have signifi cantly longer time to unconscious-
ness than do their sea level counterparts [ 207 ]. 
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Chronic adaptation (60 days) to high altitude 
appears to enable some individuals to function 
surprisingly well in extreme hypoxia as evi-
denced by femoral arterial blood gas sampling at 
8,400 m on the descent from the summit of 
Everest [ 208 ]. The mean PaO 2  in the four sub-
jects breathing ambient air (20 min after the relief 
of oxygen) was 24.6 mmHg (3.28 kPa), with a 
range of 19.1–29.5 mmHg (2.55–3.93 kPa).  

    Neuropsychological Effects of More 
Sustained Hypobaric Hypoxia 

 Greene, the physician for the 1933 Everest 
Expedition, quoted Hingston’s observation on 
Everest in 1924: “Though the mind is clear, yet 
there was a disinclination for effort. It was far 
more pleasant to sit about than to do a job of 
work that required thought… Though mental 
work is a burden at high altitudes, yet with an 
effort it can be done…..” [ 209 ]. 

 A number of HA studies have shown impair-
ment of arithmetic [ 210 ], memory and meta-
memory [ 211 ,  212 ], language, perception, 
learning, cognitive fl exibility, and psychomotor 
skills [ 213 ,  214 ]. Increases in reaction time [ 215 , 
 216 ] and P300 [ 217 ] and a slowing of pupil 
constriction [ 218 ] have also been seen, indicative 
of a fundamental slowing of neuronal processing. 
As with other symptoms, the neuropsychological 
changes observed are related to the rate of ascent 
and the altitude [ 214 ]. As a result there are large 
differences between studies where different 
ascent protocols have been applied. In addition 
neuropsychological performance is susceptible 
to the infl uence of fatigue and also anxiety, both 
of which occur in climbing to high altitudes [ 219 ]. 
A 6 % oxygen enrichment at a simulated altitude 
of 5,000 m reversed many of these observa-
tions [ 220 ]. 

 Sleep disturbance either through periodic 
breathing and waking between periods of apnoea 
[ 221 ] or secondary to disturbance by tent com-
panions is common and may contribute to day-
time neuropsychological impairment. 

 It is also important to distinguish between 
neuropsychological changes due to hypobaric 

hypoxia and changes due to AMS. The literature 
suggests AMS has little effect on short-term 
memory, but a signifi cant impairment in concep-
tual tasks. Those at altitude who do not develop 
AMS tend to have a greater short-term memory 
impairment and scarce alteration in conceptual 
tasks [ 215 ,  222 ]. 

  Perception : No threshold change has been found 
for auditory stimuli; however, there is a rise in 
threshold for detecting visual stimuli when dark 
adapted [ 223 ]. There are mixed results regarding 
changes in color perception, but any change, if 
present, is of minimal signifi cance [ 213 ]. 

  Memory : Short-term memory has been shown to 
decline at 4,500 m and is especially noticeable 
above 6,000 m [ 213 ,  224 ]. Long-term memory 
appears to be preserved [ 225 ]. Both animal and 
human [ 215 ,  226 ] studies have compared con-
trolled and automatic processing tasks and the 
results imply that hypobaric hypoxia causes a 
reduced capacity to learn rather than to retrieve. 
Spatial memory has been found to become 
impaired between 3,800 and 5,000 m [ 227 ]. 
Cognitive fl exibility has been assessed using 
Stroop Color and Word test or Wisconsin Card 
Sorting test. It has been shown to be signifi cantly 
impaired in world class mountain climbers even 
months after their last ascent [ 228 ]. 

  Motor skills : Motor speed and precision are 
reduced compared to sea level [ 224 ,  229 ]. The 
fi nger taping test (FTT) and Purdue pegboard 
tests have been used to assess psychomotor 
changes but confounding variables in the fi eld 
include fatigue and the cold. This may explain 
the wide variation in altitudes between different 
studies where dysfunction is detected (Berry 
et al. at 3,500 m [ 224 ] and Bolmont et al. at 
8,000 m [ 216 ]). The American Medical Research 
Everest Expedition (AMREE-1981) demon-
strated 15 of the 16 climbers had impaired FTT 
immediately after the expedition and 13 still had 
impairment a year on implying some damage 
may be long term [ 229 ]. 

 Ataxia is a common feature of HACE, and this 
has been quantitatively examined using a wobble 
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board [ 230 ]. It was found that a positive test gave 
a predictive value for AMS of 66.7 % at 4,650 m 
and 100 % at 5,005 m. Brain oxygenation was 
also found to correlate with stability on the wobble 
board (while peripheral saturations did not). 

  Psychological changes : New onset anxiety disor-
ders are relatively common in trekkers to altitude 
[ 231 ]. These are often focused on health con-
cerns. A heightened state of anxiety has been 
shown to offset some of these reductions in reac-
tion time and psychomotor ability [ 202 ]. Mild 
auditory and visual hallucinations (e.g., a “third 
man”) have been described in climbers at very 
high altitude [ 204 ,  232 ]. 

  Cerebral dysfunction above 8 , 000 m : Climb ing 
above 8,000 m either with or without supplemen-
tary oxygen is potentially dangerous. There is a 
higher attrition rate among western climbers 
compared to sherpas descending from the 
summit of Everest (2.5 % vs. 0.2 %,  p  < 0.001) 
[ 198 ]. On the standard Tibetan and Nepalese 
routes, 3.4 % and 1.7 % of climbers, respectively, 
did not return from the summit. A common fea-
ture among the non-survivors was gross cogni-
tive impairment and ataxia. Since arterial 
oxygenation decreases during strenuous exercise 
at high altitude [ 183 ,  233 ], maximal hypoxemia 
would occur during the vigorous exertion just 
below the summit. Acute hypoxic cerebral dys-
function at such extreme altitude might involve 
pathophysiological mechanisms apart from HACE. 

  Evidence of long-term brain injury : 
Anooshiravani et al. did not detect any functional 
or structural alterations (using MRI) in a group of 
8 climbers who had ascended a 6,000 m peak 
[ 234 ]. However, Garrido et al. [ 235 ,  236 ] have 
performed studies demonstrating increased signal 
intensity in periventricular, posterior parietal, 
and occipital cortex in fi ve of nine climbers who 
had ascended above 7,000 m. Vichow-Robin 
spaces (CSF spaces around vessels) tend to be 
enlarged in regular climbers suggesting chronic 
hypoxia-induced brain atrophy [ 237 ]. The impli-
cations of these changes for long-term brain 

injury would seem possible but has yet to been 
examined in combination with imaging and a 
prospective design.   

    Other Neurological Syndromes 
That can Occur at High Altitude 

 Some, usually focal, events that can also occur at 
sea level (and which fall outside the usual defi -
nition of altitude sickness) seem to have an 
increased incidence at high altitudes [ 238 ]. 

  Transient ischemic attacks : Transient ischemic 
attacks occur in a younger population at altitude 
than they do at sea level, which implies that they 
are not caused by atherosclerosis and might be 
related to vasospasm, hypocapnic vasoconstric-
tion, or the putative prothrombotic effects of 
hypoxia. Right-to-left shunts increase with exer-
cise and altitude, which means that embolisation 
through a patent foramen ovale might account for 
some of the focal neurological events or cases of 
migraine [ 239 ]. Such effects can also contribute 
to rare cases of cerebral infarction, to which 
dehydration and hypoxia-induced polycythemia 
might also contribute. 

  Transient global amnesia : Transient global 
amnesia has been reported [ 240 ,  241 ] and might 
occur through similar mechanisms in the limbic 
cortex to those that cause the focal events 
described above. 

  Migraine : Migraine can be diffi cult to distinguish 
from AMS, but migraine should be suspected 
when there is a history or if a headache is associ-
ated with focal neurology. HACE, however, can 
also present with focal neurological symptoms 
and must be the fi rst diagnosis to be considered 
after recent ascent to altitude [ 242 ]. 

  Cerebral venous thrombosis : Cerebral venous 
thrombosis is a common autopsy fi nding in 
patients who die at high altitudes [ 154 ,  243 ] 
and might be related to volume depletion and 
polycythemia [ 244 ]. Altitude can also trigger 
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central venous thrombosis in individuals who 
are susceptible owing to familial thrombophilia 
[ 245 – 247 ]. 

  Epilepsy : Whether seizure frequency increases at 
high altitudes is not known, although hypoxia 
and hyperventilatory hypocapnia are thought to 
be triggers [ 248 ]. 

  High - altitude syncope : High-altitude syncope is 
thought to be a vasovagal phenomenon that is 
related to hypoxemia, although an increase in 
arrhythmias might be a contributory factor [ 249 ]. 
High-altitude syncope has been reported to occur 
at moderate altitude and rapidly resolves [ 250 ], 
even without descent. Recently, it has been 
reported that initial orthostatic tolerance and 
symptomatic responses to standing upright is 
well maintained at 5,050 m [ 251 ]. These fi ndings 
indicated that, while there was a faster drop in BP 
with standing (likely refl ecting a temporary 
mismatch between peripheral vascular resistance 
and cardiac output) the comparable drop in BP 
and comparable time for correction of the hypo-
tension indicates that the arterial barorefl ex refl ex 
is well preserved at high altitude. 

  Cranial nerve palsies and other neurological 
conditions : Cranial nerve palsies are well recog-
nized both in the presence and absence of AMS 
or HACE. The sixth cranial nerve is most com-
monly affected, perhaps owing to compression 
of the trunk from adjacent brain swelling. Facial 
and hypoglossal cranial nerve palsies have also 
been reported [ 238 ]. There is evidence that acute 
hypoxic cerebral dysfunction at extreme altitude 
might involve pathophysiological mechanisms 
apart from HACE [ 198 ]. Many neurological con-
ditions that occur at sea level can also occur at 
high altitudes (e.g., subarachnoid hemorrhage), 
and mild hypoxia can unmask indolent condi-
tions (e.g., cerebral tumors) [ 247 ]. 

  Ophthalmological disturbances : Retinal hemor-
rhages, with or without the symptoms of AMS, 
are common. Unless the macula is involved, they 
are relatively benign and resolve spontaneously. 
The cause of the retinal hemorrhages is unknown, 

but could be due to increased blood fl ow or 
breakdown in the blood–retina barrier [ 152 ]. The 
monocular blindness of amaurosis fugax is 
believed to result from the blood supply to the 
retina being compromised, and the aetiology 
might be similar to the visual symptoms of 
transient ischemic attacks. Similarly, cortical 
blindness could be caused by vascular compro-
mise to the visual cortex.  

    Conclusions and Suggestions 
for Future Research 

 We have attempted to examine the key mecha-
nisms and their interactions which are involved 
with the regulation of CBF during exposure to 
the hypoxia of high altitude. The ICP, cerebro-
vascular, and MRI studies have given us a greater 
understanding of gross changes with hypobaric 
hypoxia, but there are still many questions as to 
the mechanisms of these changes on a vascular 
and cellular level. It should be noted that MRI 
scans of people suffering with non-chamber- 
induced AMS are not possible as currently no 
such scanners exist at altitude and scans per-
formed on descent will not represent the acute 
changes that would have occurred higher; thus, 
until MRI scans are possible at high altitude, 
progression of research within this area will be 
hindered. However with the increasingly sophis-
ticated MR and CT cerebral imaging modalities 
that are becoming available, major advances in 
our understanding are likely to follow. With the 
increasing technical advances in cerebral imag-
ing techniques there is a temptation to suggest 
that the days of fi eld-based research must be 
numbered. However, developments in both the 
portability and robustness of vascular ultrasound 
[ 11 ,  95 ], TCD [ 128 ] and NIRS [ 183 ] equipment 
have improved markedly and will inevitably lead 
to further insights in our understanding of the 
pathophysiological mechanisms of cerebral 
altitude illness. The development and refi nement 
of vascular ultrasound, “functional” (i.e., multi-
channel) TCD and NIRS measurements might 
help bridge the gap and provide insightful 
information. 
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 It is clear that many aspects of CBF regulation 
and brain function at high altitude clearly warrant 
further investigation, with particular focus on 
integrative systems physiology and adequately 
powered for statistical analysis. For example, 
over the period of ventilatory acclimatization 
(weeks to months), how does hypoxia alter cere-
bral autoregulation, cerebrovascular reactivity; 
and is CBF in anyway regulated by sympathetic 
activity? What mechanisms underlie these 
changes? Are the observed alterations in CBF 
regulation the primary cause of, or contribute to 
AMS, high-altitude cerebral edema and central 
sleep apnea? Related to this, are there regional 
changes in CBF upon ascent to high altitude to 
maintain brainstem blood fl ow over that of the 
cortex? What are the interactions between 
hypoxic-induced elevations in pulmonary vascu-
lar resistance and CBF regulation? How may 
exercise infl uence CBF regulation at high alti-
tude? Addressing some of these intriguing ques-
tions will not only provide new information by 
which CBF is regulated at high altitude, but will 
also provide insight into the understanding of 
cerebral hypoxia in the clinical setting of chronic 
lung disease and altitude illness.     
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    Abstract  

  All stresses to which the body is subjected induce widespread changes in 
neural activity and in hormonal secretions. Generally, these are protective 
in nature and the best known is the “fright and fl ight” reaction to danger. 
The responses to these stresses include increases in activity in sympathetic 
nerves, decreases in parasympathetic activity and increased secretions of 
various hormones including adrenaline and cortisol. Exposure to high alti-
tude is another stress caused by the hypoxic environment as well as the 
low temperatures that frequently also occurs. This chapter is concerned 
with the effects of high altitude on the autonomic nervous system, both in 
lowlanders who visit high altitude locations and in people who are perma-
nently resident there. The resulting changes in blood gases and often also 
in blood pressure induce refl ex responses mediated largely through auto-
nomic nerves. The role of the autonomic system in the adaptation as well 
as changes in the maladaptation syndromes of acute and chronic mountain 
sickness will be described   .  
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 8      Autonomic Nervous System 

              Mark     J.     Drinkhill     ,     Roger     Hainsworth     , 
and     Victoria     E.     Claydon    

        Outline of the Autonomic Nervous 
System 

 The term “autonomic nervous system” was intro-
duced by JN Langley a 100 years ago to refer to 
the nerves concerned mainly with the control of 
the internal environment of the body and bodily 
functions. Autonomic nerves predominantly con-
trol unconscious and involuntary functions, 
although some pain sensations, for example vis-
ceral distension and cardiac pain, are mediated 
through autonomic pathways. The autonomic 
nervous system is integrated with the rest of the 
central nervous system, and somatic afferents 
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can infl uence autonomic function and vice versa. 
Many regions in the brain, particularly the hypo-
thalamus, affect autonomic activity. 

 The autonomic system is classically divided 
into the sympathetic and the parasympathetic 
divisions, the functions of which tend to be 
 opposing. For example, heart rate is increased by 
sympathetic activity and decreased by parasym-
pathetic activity. Both afferent and efferent nerves 
run in both divisions and refl exes with afferent 
activity in one division usually induce efferent 
responses in both, often reciprocally increasing 
activity in one and decreasing it in the other. 

 The two autonomic divisions do not function in 
a homogeneous manner. There are many examples 
of uneven responses. For example, stimulation of 
baroreceptors inhibits sympathetic activity to the 
heart and to blood vessels in muscle and abdominal 
viscera but has little effect on cutaneous vessels 
which are much more affected by thermal stimuli. 
Stimulation of cardiac atrial receptors increases 
sympathetic activity to the heart, decreases it to the 
kidney and has little effect on peripheral discharge 
[ 1 ]. This variation is important to consider when 
interpreting generalised effects.  

    Refl ex Control of Autonomic 
Activity 

 Afferent activity in autonomic nerves from 
almost all regions of the body has been shown, 
using anaesthetised animal preparations, to 
induce widespread refl ex responses in both divi-
sions of the autonomic nervous system. However, 
the two refl exes that have received the most atten-
tion in humans, particularly in altitude and 
hypoxia research, are those arising from arterial 
baroreceptors and chemoreceptors. Accordingly, 
this chapter will primarily focus on the altera-
tions in autonomic function that arise from stim-
ulation of these refl exes. 

    Baroreceptor Refl exes 

 Baroreceptors sense the level of arterial blood 
pressure from the degree of stretch of the walls of 

certain arteries. Baroreceptors, situated at the ori-
gin of the internal carotid artery (carotid sinuses), 
are of particular importance as they are infl uenced 
by the blood pressure perfusing the brain. They 
are also accessible for study in humans. However, 
baroreceptors also exist elsewhere, including the 
aortic arch and the coronary arteries. They form 
the afferent limb of a negative feedback refl ex 
control system. Increases in blood pressure 
increase the stretch of these receptors and they 
induce refl ex decreases in sympathetic activity to 
blood vessels, causing decreases in vascular resis-
tance and increases in capacitance, as well as 
decreases in sympathetic and increases in para-
sympathetic activity to the heart, leading to 
decreases in both rate and force of contraction. 

 Baroreceptors show phasic properties and are 
able to respond to changes in pulse pressure even 
when mean pressure does not change. In this 
way, they can respond to changes in cardiac out-
put. An example of this occurs when moving 
from supine to standing, or especially during pas-
sive upright tilting, which leads to “pooling” of 
blood in dependent regions (legs and pelvic 
veins) and a consequent reduction in cardiac out-
put. This and the associated tachycardia cause 
stroke volume and therefore pulse pressure to 
decrease, so that baroreceptors are stimulated 
less and consequently mean blood pressure does 
not fall and usually actually increases. 

 The characteristics of baroreceptors may be 
defi ned in terms of their sensitivity or gain (maxi-
mum slope of the stimulus–response curve), 
threshold (lowest pressure required to elicit a 
response), “set” point (usually the mid-point of 
their operating range) and saturation pressure 
(pressure above which no further responses can be 
obtained) (Fig.  8.1 ). Different receptors show dif-
ferent characteristics so that increasing pressure 
recruits more receptors. Also, different barorecep-
tors groups operate over different ranges: coronary 
baroreceptors have a lower pressure range than 
those in the aorta and carotid arteries [ 2 ].

   Baroreceptors “reset” when subjected to sus-
tained changes in pressure. This starts to occur in 
less than 30 min. They are therefore more effective 
in reducing short-term fl uctuations in pressure, 
and their role in long-term control is unclear.  
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    Peripheral Arterial Chemoreceptors 

 Chemoreceptors are found in the carotid and aor-
tic bodies and are innervated, along with the adja-
cent baroreceptors, by the glossopharyngeal and 
vagus nerves (IX and X cranial nerves respec-
tively). Their principal stimulus is hypoxia and 
this becomes increasingly effective below oxy-
gen tensions of about 60 mmHg. However, they 

are also sensitive to arterial CO 2  and hydrogen 
ion levels. Stimulation of chemoreceptors 
increases the rate and depth of ventilation. The 
primary cardiovascular effects are bradycardia 
(vagal) and constriction of resistance and capaci-
tance vessels (sympathetic). These responses can 
be demonstrated in anaesthetised controlled 
preparations, but in intact spontaneously breath-
ing animals, including humans, the rate and depth 

  Fig. 8.1    Determination of carotid barorefl ex responses 
using the neck collar technique. The classic sigmoidal 
relationship ( solid line ) between carotid sinus pressure 
(CSP) (mean arterial pressure—neck collar pressure) and 
the change in R-R interval (RRI) evoked, with threshold 
and saturation pressures clearly visible. ( a ) The barorefl ex 

sensitivity (gain) and set point can be determined from the 
point of the maximum slope of the differential ( dashed 
line ). Similar plots can be obtained for vascular responses 
using this technique, with response curves showing 
changes in blood pressure ( b ) and forearm vascular resis-
tance. ( c ) (Claydon, Unpublished data)       
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of respiration increases, stimulating pulmonary 
receptors, and this largely abolishes the primary 
cardiovascular responses and usually induces a 
refl ex increase in heart rate. A further complica-
tion is that the ventilatory response lowers  P CO 2  
and this decreases the stimulus both to the periph-
eral chemoreceptors themselves and to central 
chemoreceptors, thereby diminishing the respira-
tory effect. Overall, the effect of hypoxia in spon-
taneously breathing individuals is usually to 
increase the sympathetic drive and to cause an 
increase in heart rate.   

    Assessment of the Autonomic 
Nervous System in Humans 

 The only direct method of assessing activity in 
the autonomic nervous system is by recording 
electrical activity in the nerves. This approach is 
employed in animals to record afferent and 
efferent activity in various sympathetic and 
parasympathetic nerves in response to physio-
logical and pathophysiological interventions. 
In conscious humans recordings can be made 
from superfi cial nerves (either to muscle or skin) 
but, as discussed above, the responses in these 
nerves may not refl ect changes in other regions. 
Furthermore, this technique is only applicable to 
motionless subjects. Assessment of global 
changes can be made from the levels of cate-
cholamine in the blood and urine but, in the 
interpretation of data, the fact that sympathetic 
responses may be uneven needs to born in mind. 
Indirect evidence of autonomic activity can be 
obtained from the assessment of refl ex responses 
which may be generalised, such as changes in 
blood pressure, or local, such as changes in 
regional vascular resistance. 

    Microneurography 

 Microneurography in humans was developed by 
Hagbarth and Vallbo [ 3 ] and it provides infor-
mation on regional sympathetic outfl ow. The 
technique involves the insertion of microelec-
trodes directly into a nerve and the recording of 

multiunit or single unit sympathetic activity. 
Suitable nerves are the peroneal, tibial, ulnar, 
median and radial nerves [ 4 ,  5 ] and these con-
tain both afferent and efferent fi bres. Recordings 
can be discriminated into muscle and skin sym-
pathetic nerve activity (MSNA and SSNA) 
based on accepted criteria. MSNA refl ects the 
vasoconstrictor activity to skeletal muscle vas-
culature and is sensitive to blood pressure 
changes; increases and decreases in blood pres-
sure lead to decreases and increases in activity. 
Activation of cardiovascular refl exes, including 
the Valsalva manoeuvre, isometric hand grip 
exercise and cold pressor test have been used to 
confi rm that MSNA is refl exly controlled and 
related to vascular resistance. In contrast, SSNA 
is involved in temperature regulation and 
responds to emotional and cortical effects, and 
does not respond to cardiovascular refl exes. 
MSNA can be expressed as bursts/min and 
bursts/100 heartbeats, allowing comparison of 
sympathetic discharge between individuals.  

    Urinary and Plasma Catecholamines 

 Information on overall activity of the adrenergic 
nervous system may be obtained from the urinary 
excretion of noradrenaline, adrenaline and their 
precursors or metabolites. However, this does not 
allow dynamic assessment of changes or of 
regional responses. Furthermore, it is infl uenced 
by changes in renal function [ 6 ]. 

 Plasma noradrenaline concentrations have 
also been used to assess sympathetic activity. 
However, the circulating noradrenaline concen-
tration represents only 5–10 % of the neurotrans-
mitter secreted from the nerve terminals and 
depends not only on secretion but also on tissue 
clearance and reuptake processes, all of which 
may change [ 7 – 9 ]. Furthermore, peripheral 
venous blood sampling may be misleading since 
there is a wide variation in the release of nor-
adrenaline between regions of the body [ 9 ]. 
Plasma noradrenaline values have poor inter- and 
intra-laboratory reproducibility [ 10 ]. 

 A better method of assessing neurotransmitter 
release in humans is from the assessment of nor-
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adrenaline spillover using a radioisotope. This 
avoids the confounding infl uence of neurotrans-
mitter clearance and permits assessment of 
release from specifi c target organs [ 11 ]. Tracer 
amounts of [ 3 H] noradrenaline are infused at a 
steady rate and, provided neuronal and extra- 
neuronal uptake of catecholamines and blood 
fl ow remain stable, the rate at which neurally 
released noradrenaline enters the plasma should 
be directly proportional to the rate of neurotrans-
mitter release from sympathetic nerve endings 
into the sympathetic cleft. Blood fl ow should be 
constant since the spillover of noradrenaline 
changes with fl ow, even if the stimulus to neuro-
nal release is unchanged [ 12 ].  

    Assessment of Refl ex Responses 

    Baroreceptor Refl ex 
 Most methods to assess barorefl ex sensitivity have 
concentrated on the cardiac responses because of 
their ease of measurement. However, in the control 
of blood pressure and blood fl ow it is the vascular 
component that is of greater importance. 

   Responses to Vasoactive Drugs 
 The cardiac component of the integrated 
 baroreceptor refl ex can be assessed from the 
responses to injections of vasoactive drugs such 
as  phenylephrine and nitroprusside [ 13 ]. 
Barorefl ex sensitivity is taken as the slope of the 
regression line fi tting beat-to-beat changes in 
R-R interval against systolic blood pressure. This 
technique is widely used although it is invasive 
and allows only the heart rate responses to be 
investigated.  

   Neck Collar Method 
 An airtight collar round the neck overlying the 
carotid sinuses allows changes to be made in 
carotid transmural pressure. Negative pressures 
increase the stimulus to the baroreceptors; posi-
tive pressures decrease it. The advantage is that, 
unlike with vasoactive drugs, arterioles are not 
affected by the stimulus allowing responses of 
vascular resistance to be studied. This method is 
discussed elsewhere [ 14 ].   

    Spontaneous Heart Rate and Blood 
Pressure Variability 
 Heart rate variability refl ects fl uctuations rather 
than absolute levels of autonomic activity. Power 
spectral analysis separates the changes in R-R 
interval into its frequency components and quan-
tifi es them in terms of their relative powers. Three 
spectral components can normally be distin-
guished: high frequency (0.15–0.4 Hz), low fre-
quency (0.04–0.15 Hz) and very low frequency 
(0–0.04 Hz) [ 15 ]. High frequency fl uctuations 
are coupled with the respiratory cycle and 
believed to be caused predominantly by changes 
in vagal activity. Low frequency fl uctuations 
involve cardiovascular refl exes and derive from 
changes in both cardiac sympathetic and vagal 
activities [ 16 ]. Very low frequency fl uctuations 
are thought to represent long-term regulatory 
mechanisms related to thermoregulation or to 
humoral factors [ 17 ]. The powers of the different 
components and the total power of the entire 
spectrum are expressed in absolute units (ms 2 ). 
LF and HF components can also be expressed as 
normalised units. The LF/HF ratio is thought to 
represent the relative contributions of the two 
branches of the ANS [ 15 ]. Decreased heart rate 
variability is said to refl ect enhanced sympathetic 
activity and decreased vagal activity [ 15 ]. 

 More recently, this technique has been applied 
to beat-to-beat arterial blood pressure data to 
evaluate autonomic activation of vascular smooth 
muscle. The same three spectral components can 
be distinguished. High frequency oscillations are 
related to respiratory changes in intrathoracic 
pressure, and are not refl exly mediated. Low fre-
quency oscillations are attributed to oscillations 
in sympathetic outfl ow to the vascular smooth 
muscle [ 18 ]. The very low frequency oscillations 
refl ect infl uences on peripheral vascular tone and, 
based on recent animal studies, may represent 
myogenic responses mediated by L-type calcium 
channels [ 19 ]. This technique is facilitated by 
non-invasive beat-to-beat blood pressure moni-
toring devices. 

 Barorefl ex sensitivity may be determined 
from spontaneous changes in heart rate and 
blood pressure using various analytical tech-
niques. One involves identifying three or more 
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consecutive beats in which progressive increases/
decreases in systolic blood pressure are followed 
by progressive lengthening/shortening in R-R 
interval [ 20 ]. The calculated slopes indicate 
barorefl ex sensitivity. More recently cross- 
spectral analysis has been used to examine the 
relations between oscillations in R-R interval 
and oscillations in blood pressure in the different 
frequency components [ 21 ].  

    Other Tests of Autonomic Function 
 Several simple procedures may be used to assess 
autonomic control. These include the assess-
ment of the  heart rate responses to standing  
[ 22 – 24 ], which involves barorefl exes, cardiac 
and pulmonary refl exes as well as exercise 
responses.  The Valsalva manoeuvre  involves a 
forced expiratory effort and the determination of 
a series of changes in heart rate and blood pres-
sure that are related to sympathetic and vagal 
control of the circulation (Fig.  8.2 ) [ 25 ,  26 ]. 
Other tests include:  slow deep breathing  which 
exaggerates respiratory sinus arrhythmia and is a 
test of vagal function [ 27 – 29 ];  the cold pressor 
test , in which sympathetic responses are deter-
mined to placing a hand or foot in water at tem-
peratures of between 1 and 5 °C for periods of 
up to 6 min [ 30 ]; and  sustained handgrip , a form 

of isometric exercise, which evokes increases in 
heart rate, and blood pressure [ 31 ].

         The Autonomic Nervous System 
in Normobaric Hypoxia 

 The effects of hypoxia on autonomic function are 
complex due to interacting mechanisms including 
direct refl ex effects of peripheral chemoreceptor 
stimulation, secondary effects of chemoreceptor-
induced hyperventilation, infl uences of circulat-
ing hormones and the effects of hypoxia upon the 
heart and blood vessels, either directly or due to 
changes in receptor function [ 32 – 36 ]. 

    Effects on the Cardiovascular System 

    Animal Studies 
 Results of cardiovascular responses to hypoxia 
have been inconsistent due to differences in 
 species studied, experimental settings (such as 
the duration and severity of hypoxia) and whether 
animals were anaesthetised or conscious [ 35 ]. In 
spontaneously breathing anaesthetised rats, sys-
temic hypoxia decreased blood pressure and 
increased heart rate [ 35 ]. In anaesthetised artifi -

  Fig. 8.2    Beat-to-beat blood pressure tracing obtained during a Valsalva manoeuvre. The four phases of the Valsalva 
can be clearly identifi ed. In phase I, there is an increase in blood pressure with the onset of the strain. This progressively 
declines in early phase II. In late phase II, there is barorefl ex compensation with restoration of blood pressure and 
tachycardia. When the Valsalva is released, blood pressure rapidly falls (phase III), followed by a blood pressure over-
shoot and barorefl ex bradycardia (phase IV). (Claydon, Unpublished observations)       
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cially ventilated cats, however, systemic hypoxia 
increased blood pressure [ 37 ]. In conscious dogs 
hypoxia increased both heart rate and blood pres-
sure [ 38 ], while in rabbits, there was a decrease in 
heart rate and no change in blood pressure [ 39 ]. 
More recently, Sugimura et al. [ 40 ] gradually 
induced hypoxia and maintained it for 10 min, in 
conscious normal and spontaneously hyperten-
sive rats (SHR). They reported initial increases in 
heart rate in both groups although they were not 
sustained in the hypertensive animals. Systolic 
blood pressure increased in both groups initially 
during the hypoxia, before falling, in the SHR, to 
signifi cantly below baseline. The inconsistent 
effects of hypoxia on blood pressure suggest 
either that the effects on vascular tone are vari-
able, or that any peripheral hypoxic vasoconstric-
tion is compensated by other mechanisms. 
However, a direct effect of intermittent hypoxia 
on smooth muscle potassium channels associated 
with vasoconstriction has been noted in animal 
models [ 41 ]. Whether these effects of short-term 
intermittent hypoxia extrapolate to longer con-
tinuous exposures is unclear.  

    Human Studies 
 Richardson et al. [ 42 ] reported that hypoxia 
(breathing 7.5 % oxygen for 8 min) increased 
both heart rate and cardiac output but caused no 
change in blood pressure [ 42 ]. Cooper et al. [ 43 ] 
also obtained a signifi cant increase in heart rate 
with 12 % oxygen for 10 min with no signifi cant 
change in mean arterial pressure or forearm vas-
cular resistance. Halliwill and Minson [ 44 ] also 
found that 12 % oxygen for 18 min caused a sig-
nifi cant increase in heart rate, but they also 
reported a signifi cant increase in blood pressure. 
Ziegler et al. [ 45 ], however, reported that breath-
ing 15 % oxygen signifi cantly increased heart 
rate and decreased blood pressure. Overall, the 
many studies of acute hypoxia in humans 
 consistently showed increases in heart rate while 
the effect on blood pressure was more variable. 
Despite the resting tachycardia, there is reported 
to be a marked reduction in the maximal exercise 
heart rate, and this is attributed to increased para-
sympathetic activity [ 46 ]. Pharmacological 
blockade has been used to assess the mechanism 
of the hypoxic tachycardia. Propranolol caused 

only a slight reduction in the tachycardia, sug-
gesting only a small sympathetic contribution 
[ 42 ]. Clar et al. [ 47 ] also showed that  β -adrenergic 
receptor blockade had little effect on the heart 
rate response to 8 h of hypoxia. However, the sen-
sitivity of the response was signifi cantly reduced 
by muscarinic blockade with glycopyrrolate [ 48 ]. 
These fi ndings suggest that an increase in sympa-
thetic activity has only a minor role in the hypoxic 
tachycardia and that the  principal mechanism is 
the withdrawal of parasympathetic tone.   

    Effects on Sympathetic Nerve Activity 

    Animal Studies 
 Acute hypoxia, in rats, cats and rabbits, increases 
sympathetic activity to the kidneys, adrenals, pul-
monary circulation, heart and skeletal muscle 
[ 34 ,  37 ,  49 – 52 ]. This is in contrast to cutaneous 
sympathetic activity which either decreased dur-
ing moderate hypoxia (5–8 % O 2 ) [ 52 – 54 ] or was 
unchanged [ 54 ,  55 ]. However, it did increase dur-
ing severe hypoxia (0 or 3 % O 2 ) [ 54 ,  56 ].  

    Human Studies 
 Somers et al. [ 57 ] reported that breathing 14 % 
oxygen for 5 min increased heart rate but had no 
signifi cant effect on blood pressure or MSNA, 
recorded from the peroneal nerve. However, 
increasing the hypoxic stress to 10 % oxygen for 
5 min did result in a signifi cant increase in MSNA, 
although blood pressure was still unchanged. The 
authors concluded that there was a threshold of 
hypoxia for sympathetic activation. Leuenberger 
et al. [ 58 ] also found that, when subjects breathed 
10.5 % oxygen for 30 min, peroneal nerve activity 
increased despite no change in blood pressure.   

    Responses of Catecholamines 

 Results of plasma noradrenaline turnover in 
 conscious dogs and rats indicate an increase in 
sympathetic activity with hypoxia [ 59 ,  60 ]. 

 Results from studies in humans, however, 
have been inconsistent. Of 10 studies reviewed 
by Rostrup [ 56 ] only one, which involved 
30 min of hypoxia at 10.5 %, demonstrated a 
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signifi cant increase in plasma noradrenaline, 
and this was accompanied by an increase in 
plasma adrenaline. Richardson et al. [ 42 ] found 
that breathing 7.5 % oxygen for 8 min actually 
decreased plasma noradrenaline, and increased 
adrenaline. These fi ndings must be interpreted 
with caution as, not only were there differences 
in the degree and duration of the hypoxia, but 
there is also the problem that plasma catechol-
amine levels may change because hypoxia 
increases their clearance [ 58 ].  

    Heart Rate and Blood Pressure 
Variability 

    Animal Studies 
 Several studies have shown increases in the 
power of the low frequency component of blood 
pressure, which is thought to parallel sympathetic 
activity [ 61 ,  62 ]. Yasuma and Hayano [ 63 ] 
reported that progressive isocapnic hypoxia, in 
conscious dogs with pre-implanted telemetry 
devices, increased blood pressure and heart rate, 
decreased the high frequency component of the 
R-R interval, and increased the low frequency 
power of blood pressure. Sugimura et al. [ 40 ] 
also reported an increase in the low frequency 
component of blood pressure in both control rats 
and SHR during 5 min of progressive hypoxia. 
This subsequently decreased during 10 min of 
maintained hypoxia (10 % O 2 ), although it 
remained greater than the normoxic value. The 
high frequency component of the R-R interval 
was reduced in SHR but responses in control ani-
mals were more variable. These fi ndings indicate 
reductions in cardiac vagal activity and increases 
in sympathetic activity to blood vessels. They 
also suggest that the inhibition of cardiac 
 parasympathetic activity in acute hypoxia may be 
enhanced in hypertension.  

    Human Studies 
 Lucy et al. [ 64 ] reported that hypoxia decreased 
the high frequency component of heart rate vari-
ability but had no effect on the low frequency 
component implying that the tachycardia was due 
to vagal withdrawal alone. Nesterov [ 65 ] also 

found that hypoxia decreased high frequency 
power but they also found that the “sympathovagal 
balance” (LF/HF) signifi cantly increased, 
 suggesting that, in addition to vagal withdrawal, 
there was increased sympathetic activity. 
However, the interpretation of heart rate variability 
in these studies is diffi cult as it may be infl uenced 
by many variables such as ventilatory volume and 
rate, and arterial barorefl ex function, all of which 
are altered by hypoxia [ 66 ,  67 ].   

    Baroreceptor Sensitivity 

 Halliwill and Minson [ 44 ,  68 ] reported that 
barorefl ex sensitivity, assessed by the cardiac 
and MSNA responses to vasoactive drugs, was 
not affected by breathing 12 % oxygen. 
However, they did fi nd that hypoxia resets the 
barorefl ex control to higher pressures. Cooper 
et al. [ 43 ] investigated the effect of hypoxia on 
carotid barorefl ex control of heart rate and fore-
arm vascular resistance using the neck collar 
method. They also found no effect on the sensi-
tivity of the heart rate response, but in contrast 
to earlier fi ndings [ 44 ,  68 ] they also found the 
set point to be unaffected. There was no effect 
on either gain or set point of blood pressure con-
trol, although the sensitivity of the vascular 
resistance response was reduced with no change 
in set point (Fig.  8.3 ).

       Summary of Effects of Normobaric 
Hypoxia 

 Effects of hypoxia in spontaneously breathing 
animals or humans depend on responses to che-
moreceptor stimulation as well as the effects of 
the increased breathing. Most studies indicate 
that a suffi ciently intense stimulus results in 
increased sympathetic and decreased vagal 
activity, resulting in tachycardia and vasocon-
striction. This is supported by direct nerve 
recordings, changes in catecholamine activity 
and analysis of heart rate and blood pressure 
variability. The sensitivity of the vascular com-
ponent of the baroreceptor refl ex may be 
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decreased and this could contribute to the auto-
nomic changes observed.   

    The Autonomic System 
in Hypobaric Hypoxia 

 Studies of the effects of hypobaric hypoxia on the 
autonomic nervous system have taken place 
either in hypobaric chambers or at high altitude 
locations. Interpretation of fi eld studies is more 
complex since, in addition to hypoxia, other fac-
tors, including the cold, dehydration and (preced-
ing) exercise may infl uence autonomic activity. 

    Effects on Sympathetic Nerve Activity 

 Saito et al. [ 69 ] reported a signifi cant increase in 
MSNA during hypobaric hypoxia at a simulated 
altitude of 4,000 m, increasing further at 5,000 m. 
However, responses at 6,000 m were variable, 
with four of the ten subjects actually showing a 

decrease. Duplain et al. [ 70 ] tested healthy sub-
jects at an altitude of 4,559 m and also reported an 
increase in peroneal nerve activity; this was 
greater in those with histories of high altitude pul-
monary oedema. Hansen and Sander [ 71 ] observed 
a marked elevation in MSNA after 4 weeks of alti-
tude exposure, which persisted for days after the 
return to sea level. Interestingly, the increase was 
little affected by administered oxygen (to elimi-
nate chemorefl ex activation) or saline infusion (to 
reduce barorefl ex responses), and they suggested 
that chemorefl ex activation by hypoxia, or barore-
fl ex change by dehydration, accounted for only a 
small component of the sympathetic response, 
with the major mechanism unexplained.  

    Responses of Catecholamines 

 Subjects exposed to simulated altitudes of 
3,000–4,750 m in hypobaric chambers showed a 
doubling of urinary adrenaline excretion but no 
change in urinary noradrenaline [ 72 ,  73 ]. 

  Fig. 8.3    Carotid barorefl ex responses to hypoxia. Example 
carotid barorefl ex curve showing vascular resistance 
responses to changes in CSP using the neck collar tech-
nique before (pre control), during and after (post control) 
hypoxia (12 % O 2  in N 2 ). ( a ) The slope of the relationship 

is reduced by hypoxia with no change in set point, indicat-
ing decreased vascular resistance barorefl ex sensitivity 
without resetting. Group data are shown in ( b ) and ( c ). 
Signifi cant difference from hypoxia denoted by * p  < 0.05 
(adapted from Cooper et al. [ 43 ] J Physiol 568, 677–687)       
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 Rather different results have been reported 
from altitude fi eld studies. Cunningham et al. 
[ 74 ] observed a doubling of plasma and urine 
noradrenaline levels during 17 days at altitudes 
up to 4,560 m with little change in adrenaline. 
Mazzeo et al. [ 75 ] reported that in men after 4 h 
at altitude (4,300 m) plasma noradrenaline 
decreased by 36 %, but after 21 days it had 
increased to 52 % above sea level values. 
Arterial adrenaline values doubled following 
acute altitude exposure but declined to only 
26 % above sea level values by day 21. Mazzeo 
et al. [ 76 ] also studied women at 4,300 m for 12 
days and reported that both urinary noradrena-
line and adrenaline excretion increased signifi -
cantly after only 1 day at altitude. Plasma 
catecholamines were also found to be signifi -
cantly elevated by the fourth day. During the 
12-day period both plasma and urinary nor-
adrenaline continued to increase. Adrenaline 
values however fell back to sea level values. 
Rostrup [ 56 ], however, reported that men 
exposed to 4,200 m had decreases in plasma 
noradrenaline and adrenaline on the second day 
but they recovered by day 7. Finally, Calbet [ 77 ] 
found that both plasma noradrenaline and 
adrenaline were elevated after 9 weeks of expo-
sure to an altitude of 5,260 m, without a change 
in whole-body noradrenaline clearance. This 
increase persisted even after the arterial oxygen 
content had normalised with acclimatisation. 

 These differences between the chamber and 
the fi eld studies may be attributed to experi-
mental differences, including diffi culties at alti-
tude locations with the transport and analysis of 
samples [ 56 ]. Most studies show at least an 
 initial increase in adrenaline levels, possibly 
partly due to the stress. Changes in noradrena-
line levels were variable, but it should be 
remembered that hypoxia may increase renal 
clearance.  

    Hypoxia and Receptor Density 

    Animal Studies 
 Hypobaric hypoxia in rats for up to 15 days did 
not affect  β -adrenergic receptor density, although 

by 21 days there was a 24 % reduction [ 78 ]. 
Favret et al. [ 79 ], however, showed that the den-
sity of rat right ventricular  β -adrenoceptors was 
signifi cantly elevated after just 30 min of hypoxia, 
but it subsequently declined to values below 
those found in normoxia. 

 The reported effects of simulated altitude 
exposure on the density of α 1 -adrenergic recep-
tors are inconsistent. Leon-Velarde et al. [ 80 ] 
reported a 66 % increase in left ventricular α 1 - 
adrenergic receptor density in rats exposed to a 
simulated altitude of 5,500 m for 21 days. 
However, in another study rats exposed to 
5,500 m for 15 days showed no change in α 1 - 
adrenergic receptor density in either left or right 
ventricle [ 81 ]. Favret et al. [ 79 ] reported an 
increase in rat myocardial α 1 -adrenoceptors over 
the fi rst 3 days of hypoxia which then declined to 
levels below those in normoxia. Stimulation of 
α 1 -adrenoceptors induces increases in cardiac 
contractility and has been suggested to be 
involved in the development of myocardial 
hypertrophy, although the evidence for this is 
controversial [ 82 ,  83 ]. 

 Density of rat myocardial muscarinic recep-
tors increases during simulated altitude expo-
sure [ 79 ,  84 ]. The increase in the right ventricle 
peaked at 33 % above control after 1 day of 
hypoxia. The left ventricle showed a similar 
increase in receptor density which then contin-
ued to rise for 21 days, when it was 80 % higher 
[ 79 ]. This increase in muscarinic receptor den-
sity in response to hypoxia may refl ect the 
reduction in parasympathetic (vagal) nervous 
activity to the heart suggested by heart rate vari-
ability studies. 

 Adenosine receptor density is decreased in the 
rat following a 30-day exposure to a simulated 
altitude of 5,500 m [ 84 ], possibly due to opening 
of K ATP  channels and impaired Ca 2+  infl ux [ 85 ].  

    Human Studies 
 Indirect evidence in humans suggests that, as in 
animals, hypobaric hypoxia causes changes in 
receptor density. Richalet et al. [ 86 ] reported that 
the rate of infusion of isoprenaline required to 
increase heart rate by 25 beats min −1  increased 
with increasing exposure to altitude and this was 
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attributed to down-regulation of the  β -adrenergic 
receptors. Fischetti et al. [ 87 ] reported a reduc-
tion in platelet α 2 -adrenergic receptor density 
after 4 weeks exposure to 5,050 m, that may 
 indicate similar changes in the central nervous 
system [ 88 ]. This is important because these 
receptors play an important role in cardiovascular 
regulation [ 89 ]; stimulation of receptors in the 
ventrolateral medulla reduces sympathetic and 
increases parasympathetic outfl ow. A change in 
the density of these receptors may contribute to 
the effect of altitude on the autonomic system. 
However, at present, the evidence in humans is 
indirect and inconclusive.   

    Heart Rate Variability 

 Kanai et al. [ 90 ] reported that 2 h after arriving 
at an altitude of 2,700 m heart rate variability 
decreased in both high and low frequency bands, 
although the ratio of low to high frequency 
power increased. The increase in the ratio is 
believed to imply that the sympathetic system is 
dominant compared to the parasympathetic. 
Similar results were obtained by Cornolo et al. 
[ 91 ] who reported that exposure to an altitude of 
4,350 m for 1–2 days reduced power in the high-
frequency band but increased low-frequency 
power, thereby increasing the low to high 
 frequency ratio. From this they concluded that 
acute exposure to hypoxia is associated with 
decreased parasympathetic and increased sym-
pathetic tone. During acclimatisation, there was 
a progressive shift toward still higher sympa-
thetic activity.  

    Baroreceptor Sensitivity 

 Sagawa et al. [ 92 ] exposed seven unacclimatised 
subjects to a simulated altitude of 4,300 m and 
stimulated carotid baroreceptors using a neck 
chamber. They found baroreceptor response 
curves showed no change in the set point but 
there was a 50 % reduction in the gain of the 
heart rate response. Other authors have examined 
changes in spontaneous barorefl ex gain derived 

from R-R intervals and blood pressure during 
simulated high altitude and reported reductions 
of 35–43 % [ 93 – 96 ].  

    Summary of Effects of Hypobaric 
Hypoxia 

 As for normobaric hypoxia, most studies indicate 
an increase in sympathetic activity, although 
there may be a threshold for this, and in more 
severe hypoxia the change may be smaller. One 
report indicated that the increased sympathetic 
activity during hypobaric hypoxia was not pre-
vented by oxygen administration [ 71 ], suggest-
ing some other unknown mechanism might also 
be operating. Blood and urine analyses indicate 
increases in adrenaline levels with variable 
changes in noradrenaline, although renal clear-
ance of these may change in hypoxia. Changes 
also occur in receptor density, particularly of 
 β -receptors which are down-regulated. As seen 
during normobaric hypoxia, the sensitivity of the 
vascular limb of the baroreceptor refl ex appears 
to be decreased.   

    Differences Between Hypobaric 
and Normobaric Hypoxia 

 Comparisons of effects of normobaric, hypo-
baric chamber and altitude location studies are 
complicated by experimental diffi culties and 
differences in protocol, and carefully designed 
comparative studies are needed. Indeed, there 
remains considerable debate as to whether 
 normobaric and hypobaric hypoxia produce 
equivalent physiological responses [ 97 ]. Studies 
examining these effects are lacking, and often 
fail to control for other environmental factors 
that could infl uence autonomic responses, such 
as alterations in ambient temperature. Protocol 
discrepancies (duration and level of altitude 
exposure) are common. There is a suggestion 
that the initial responses of oxygen saturation 
and symptoms of hypoxia are infl uenced by the 
protocol employed, but these differences were 
lost after 5 min [ 98 ]. Also, Savourey et al. [ 99 ] 
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observed initially higher respiratory frequencies 
and lower tidal volumes in hypobaric hypoxia 
than in the equivalent normobaric hypoxia, with 
lower end tidal oxygen and carbon dioxide lev-
els, and lower oxygen saturations after 5 min of 
exposure. These differences were lost after 
30 min of exposure. An earlier study by the 
same group showed greater hypoxemia, hypo-
capnia, alkalosis and lower arterial oxygen satu-
rations (although no effect on pulse oximetry) 
with hypobaric compared to normobaric 
hypoxia [ 100 ]. Comparisons in rats exposed to 
hypobaric or nomobaric hypoxia for 5, 10 and 
14 days found no differences between groups 
[ 101 ]. Blood gases were also similar in ducks 
exposed to equivalent hypobaric and normo-
baric hypoxia, although tidal volume and respi-
ratory frequencies were greater in hypobaric 
hypoxia [ 102 ]. There are reports that nitric 
oxide metabolism may also be differentially 
affected by hypobaric and normobaric hypoxia 
[ 103 ], although this has been contested [ 104 ]. 
However, in general any physiological differ-
ences between normobaric and hypobaric expo-
sures are thought to be too small to be clinically 
relevant [ 97 ,  105 ].  

    The Autonomic Nervous System 
in High Altitude Residents 

 The most extensively studied altitude locations 
are in the Andes, Himalayas, and Ethiopian 
highlands. The various populations differ in 
their adaptation strategies, and some develop 
the maladaptation syndrome, chronic mountain 
sickness (CMS) which is discussed further in 
Chap.   22    . 

    Chronic Mountain Sickness 

 The incidence of CMS varies in different popula-
tions, occurring in 52 % of males living at 
4,100 m in the Andes. It also occurs in Himalayan 
populations. However, there are no reports of 
CMS at similar altitudes in Ethiopia [ 106 ,  107 ]. 
Incidence of CMS is higher in males and 

increases with age and increasing altitude. The 
features are extreme polycythaemia and pro-
found hypoxia (greater than expected for the alti-
tude), fi nger clubbing, congested conjunctivae, 
pulmonary hypertension, right ventricular hyper-
trophy, and cyanosis [ 94 ]. The symptoms include 
headache, dizziness, confusion, anorexia, 
fatigue, exercise intolerance, acral paraesthesia, 
and ultimately symptoms of heart failure. CMS 
may be fatal. It completely resolves following 
descent to sea level, and reappears upon return to 
altitude [ 94 ]. 

 Many of the features of CMS suggest 
changes in autonomic control. Different  altitude 
dwelling populations adopt different adaptive 
responses in autonomic control (see below), 
and these may underlie the differing suscepti-
bilities to CMS. It has been argued that CMS is 
merely the manifestation of minor impairments 
in renal, cardiovascular or respiratory function 
that are not severe enough to present symptoms 
during normoxia; hence the recovery following 
descent to sea level [ 108 ].  

    Effects on the Cardiovascular System 

 Resting blood pressures tend to be elevated in 
Andean altitude dwellers, particularly those 
with CMS [ 109 ]. Heart rate is signifi cantly 
higher in altitude dwellers at their resident alti-
tude than following descent to sea level [ 109 ]. 
This effect is more pronounced in those with 
CMS who also have increased arterial wall stiff-
ness [ 110 ], increased circulating catecholamine 
levels, particularly noradrenaline [ 111 ] and 
altered barorefl ex control (see below). This ten-
dency to higher blood pressures and sympa-
thetic activation may predispose to the increased 
cardiovascular morbidity in these populations. 
There is no elevation of resting heart rates or 
blood pressures in Ethiopian altitude dwellers in 
whom CMS does not occur [ 106 ]. 

 Interestingly, there is recent evidence that, 
despite the prevailing hypoxia and altered resting 
autonomic function in healthy Andean high 
 altitude residents, the autonomic responses to 
exercise training are not impaired [ 112 ]. 
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    Orthostatic Tolerance 
 Orthostatic tolerance is the ability to maintain 
an adequate blood pressure and consciousness 
during a gravitational stress that decreases 
return of blood to the heart. It may be quanti-
fi ed in terms of the stress required to induce 
syncope, or fainting. It is high in many high 
altitude populations tested [ 109 ,  113 ] com-
pared to sea- level dwellers (Fig.  8.4 ) [ 114 ]. It 
is particularly high in Andeans, including those 
with CMS, despite a tendency for vasocon-
striction to be less, and this may be  attributed 
to their large red cell volumes [ 109 ] and pos-
sibly also to better autoregulation of  cerebral 
blood fl ow [ 115 ].

        Effects on Sympathetic Nerve Activity 

 Although in low altitude dwellers exposure to 
hypoxia results in an increased MSNA that 

 persists for days after descent to sea level [ 71 ], 
there are no MSNA data from permanent high 
altitude residents.  

    Changes in Catecholamine Levels 

 Gamboa et al. [ 111 ] reported higher plasma 
 levels of noradrenaline, dopamine and the nor-
adrenaline metabolite dihydroxyphenylglycol 
(DHPG) in Andeans at their resident altitude 
compared to data obtained following descent to 
sea level, suggesting sympathetic activation at 
altitude. Other studies suggest that, unlike fol-
lowing acute exposure to hypoxia where there is 
down-regulation of  β -adrenoceptors    in response 
to sympathetic overactivity [ 86 ], in Andeans 
chronically exposed to hypoxia there is no such 
change [ 116 ], and no evidence for adrenergic 
desensitivity in either healthy altitude dwellers 
or those with CMS.  

  Fig. 8.4    Orthostatic tolerance (measured as time to 
 presyncope) in permanent residents at high altitude com-
pared to sea level residents. Orthostatic tolerance was 
determined using a combined test of head-upright tilting 
and lower body negative pressure. Data are shown for 
healthy Andean altitude dwellers, Andeans with Chronic 
Mountain Sickness (CMS), Ethiopian and Himalayan 

 altitude residents (including those with CMS), and sea 
level controls. There are no data for Ethiopians with CMS 
because we could not fi nd evidence of CMS in the 
Ethiopian highlands. Signifi cant differences between 
groups ( p  < 0.05) are denoted by the  black bars  (adapted 
from Claydon et al. [ 109 ] Exp Physiol 89, 565–571 and 
unpublished observations)       
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    Heart Rate and Blood Pressure 
Variability 

 Supine low frequency oscillations in R-R interval 
are reported to be low in altitude dwellers [ 117 ]. 
Highlanders with CMS also have low supine low 
frequency oscillations in systolic arterial pressure 
[ 117 ]. This suggests less sympathetic activity, 
implying that their tendency to increased blood 
pressure may be more related to their high blood 
viscosity. Orthostatic stress provoked the 
expected changes in heart rate and blood pressure 
variability in Ethiopians, but not in Andeans 
[ 117 ]. Interestingly, in those with CMS the low 
frequency oscillations in blood pressure while 
supine were greatly reduced, but increased mark-
edly when upright [ 117 ], indicating that although 
sympathetic activity was low when supine, it 
increased to high levels when upright. Vascular 
resistance responses, however, were blunted 
[ 115 ], suggesting a mismatch between sympa-
thetic activation and the effector response.  

    Barorefl ex Control 

 Cross-spectral analysis of cardiac barorefl ex con-
trol in altitude residents from the Andes and 

Ethiopia revealed reduced coherence between 
blood pressure and R-R interval and increased 
barorefl ex delay. Cardiac barorefl ex sensitivity 
was reduced only in subjects with CMS [ 117 ]. 
These data suggest impaired cardiac barorefl ex 
control in altitude dwellers, particularly those 
with CMS. 

 In Andean high altitude dwellers barorefl ex 
sensitivity was also shown to be reduced using 
spontaneous sequence analyses [ 118 ]. The reduc-
tion in barorefl ex sensitivity correlated with hae-
matocrit, being reduced more in those with CMS. 
Barorefl ex sensitivity increased following 1 h of 
supplemental oxygen therapy, or slow frequency 
breathing. Interestingly, the same group reported 
 enhanced  barorefl ex sensitivity and reduced 
sympathetic activation in Himalayan high alti-
tude dwellers [ 119 ], further underscoring the dif-
ferent adaptive processes. 

 The above studies have focused on cardiac 
responses, whereas vascular resistance is argu-
ably more important. Moore et al. [ 120 ] 
reported that the sensitivity of vascular 
 resistance responses to carotid baroreceptor 
stimulation, using the neck collar technique, 
was similar in healthy Andeans and Andeans 
with CMS, both when studied at their resident 
altitude and 24 h after descent to sea level. 

  Fig. 8.5    Forearm vascular resistance (FVR) responses to 
manipulation of CSP using the neck collar device. Example 
traces are shown from a healthy Andean and an Andean with 
CMS at their resident altitude of 4,338 m in the Peruvian 
Andes ( dashed line ,  open squares ) and following descent to 

sea level ( solid line ,  closed squares ). Increased vascular 
resistance barorefl ex set point can be seen in the CMS 
Andean at his altitude of residence, but not in the healthy 
Andean. Barorefl ex gain was unaffected in both individuals 
(adapted from Moore et al. [ 120 ] Exp Physiol 91, 907–913)       
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However, the set point was higher in the CMS 
subjects at altitude and it decreased following 
descent to sea level (Fig.  8.5 ). This provides a 
mechanism in CMS subjects linking sympa-
thetic activation and hypertension to the 
hypoxia of altitude. The observation that altera-
tions in barorefl ex sensitivity, for both cardiac 
and vascular components, are rapidly reversed 
by normoxia is compatible with the known 
reversal of symptoms and signs of CMS upon 
descent to sea level.

       Summary of Autonomic Changes 
in High Altitude Residents 

 Most altitude dwellers adapt well to their environ-
ment, but some develop CMS characterised by 
very high haematocrits and excessive hypoxia. 
Altitude residents tend to have high heart rates and 
blood pressures and indirect evidence, from cate-
cholamine levels and heart rate and blood pressure 
variabilities, indicate increased sympathetic acti-
vation, particularly in CMS subjects. Unlike in 
unadapted subjects, there is no down- regulation of 
β receptors. Tolerance to orthostatic stress is high 
and correlates with haematocrit rather than with 
sympathetic responses. In CMS patients cardiac 
baroreceptor sensitivity may be decreased and the 
vascular response shifted to higher levels, possibly 
explaining their susceptibility to hypertension.   

    Conclusion 

 In this chapter, we have shown that exposure to 
high altitude induces changes in activity in auto-
nomic nerves. Changes are seen in both visitors 
and in permanent high altitude residents. However, 
despite the extensive knowledge of these changes 
there are still many unknowns. For example, 
due to several confounding variables, it is not yet 
clear as to the exact differences between the 
effects of hypoxia in normobaria, chamber hypo-
baria and high altitude exposure. Also, although 
various refl ex responses have been studied in the 
different groups (lowlanders, healthy highlanders 

and highlanders with chronic mountain sickness), 
there is relatively little  information on the changes 
in the autonomic system itself.     
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    Abstract  

  This review summarizes results of research into the effect on skeletal 
muscle tissue of prolonged exposure to high (3,000–5,500 m) and extreme 
altitude (>5,500 m). There is consensual evidence that continued sojourn 
at these altitudes has a number of negative consequences to muscle tissue. 
There is a loss of muscle mass related to a decrease of individual muscle 
fi ber cross-sectional area. There is also a relative and absolute decrease in 
muscle oxidative capacity which manifests itself as a decrease in mito-
chondrial volume as well as a decrease in oxidative enzyme activities. 
The capillary to fi ber ratio is maintained in hypoxia with the consequence 
that, without capillary neoformation, the oxygen supply of remaining 
mitochondria is improved. There is further a massive increase in lipofus-
cin, a lipid peroxidation product. Hypoxia activates defensive cellular 
mechanisms, among them the well-characterized response to the hypoxic 
master gene HIF (hypoxia-inducible factor).    Reactive oxygen species 
(ROS) abound under hypoxic conditions and are further responsible for 
the orchestration of the hypoxia response. The permanent hypoxic stress 
of living at high altitude has led to a number of disparate but effective 
phylogenetic adaptations in native high-altitude populations, Tibetans 
and Quechua. When hypoxia is used as an adjunct limited to exercise 
training sessions, skeletal muscle tissue responds with a specifi c molecu-
lar signature. The functional consequences of which may offer benefi ts 
for competition at altitude.  

        H.   Hoppeler, M.D. (*) •         M.   Mueller, Ph.D.     
   M.   Vogt, Ph.D.    
  Department of Anatomy ,  University of Bern , 
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 9      Skeletal Muscle Tissue Changes 
with Hypoxia 

           Hans     Hoppeler     ,     Matthias     Mueller    , and     Michael     Vogt   

        Background 

 The infl uence of high-altitude/hypoxic  conditions 
on muscle tissue has been of long-term  scientifi c 
interest, one of the obvious reasons being that 
whole body and muscle performance decreases 
with increasing altitude [ 1 ]. Early reports on 
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muscle tissue adaptations to hypoxia included 
observations of Valdivia [ 2 ] who reported skele-
tal muscle capillarity in guinea pigs native to the 
Andes to be 30 % larger than that of animals 
raised at sea level. In a landmark paper, 
Reynafarje [ 3 ] compared data from muscle biop-
sies from sartorius muscle in nine young subjects 
native to Cerro de Pasco (Peru 4,400 m) to those 
obtained from nine age-matched controls from 
Lima (0 m). In high-altitude natives, he found 
cytochrome c and myoglobin concentrations to 
be signifi cantly higher by 26 % and 16 %, respec-
tively, while lactate dehydrogenase activity was 
similar. These papers as well as a number of fur-
ther studies in animals and humans supported the 
contention of hypoxia as an important stressor of 
muscle tissue favoring an enhanced oxidative 
capacity of muscle tissue (i.e., more capillaries 
and mitochondria) and associated changes such 
as an increased myoglobin concentration. 
Hochachka [ 4 ] carried out research on myocar-
dium in a number of high-altitude species (llama, 
taruca, and alpaca) and found oxidative enzyme 
activities (citrate synthase and 3-hydroxyacyl-
CoA dehydrogenase) to have an elevated scaling 
in line with previous fi ndings. They argued that 
“…elevated oxidative enzyme activities allow 
increased maximum fl ux capacity of aerobic 
metabolism. This in turn calls for physiological 
adjustments in O 2  transfer systems; fl ux limits of 
the former must be matched by fl ux limits of the 
latter. Only then can an acceptably high scope for 
aerobic activity be achieved despite reduced O 2  
availability.” They called this then commonly 
held viewpoint “an interpretive hypothesis.” The 
explanatory power of the view that higher oxida-
tive capacities were the necessary consequence 
of short- and long-term adaptations to hypoxia 
was called into question by a review of Banchero 
[ 5 ]. In a critical analysis of published data on 
capillary and mitochondrial adaptations to 
hypoxia, he criticized that many studies suppos-
edly investigating hypoxia were not controlled 
for concomitant exercise and cold exposure. The 
latter two stresses had previously been shown to 
be responsible for distinct elevations of muscle 
oxidative capacity (see [ 6 ,  7 ]) and are often asso-
ciated with living at altitude. 

 The notion of hypoxia as an important 
environmental cue for an organism was eventu-
ally substantiated by the discovery of the 
hypoxia- inducible factor 1 (HIF-1; see [ 8 ]). 
HIF-1 has subsequently been shown to be a mas-
ter gene involved in oxygen sensing in skeletal 
muscle tissue and many other mammalian cells 
[ 9 ,  10 ]. HIF-1 functions as a transcription factor 
for many genes coding for proteins involved in 
oxygen transfer by enhancing erythropoiesis and 
improving vascularization. HIF-1 also interferes 
with metabolic pathways, favoring anaerobic, 
glycolytic metabolism as well as glucose uptake 
and utilization. The discovery of the transcription 
factor HIF-1 and the demonstration of its involve-
ment in multiple regulatory ways related to 
enhance cellular and organismal function under 
hypoxic conditions have given hypoxia research 
a solid mechanistic foundation. In the context of 
this review, we will refer to HIF-1 where appro-
priate, but we will not discuss HIF-1 function and 
regulation which is explored in Chaps.   1     and   2    . 

 The quest into the decrease of human exercise 
capacity and VO 2  max and thus the “limiting fac-
tors” with altitude has stimulated many physiolo-
gists and motivated a large number of studies in 
real and simulated altitude. An intriguing fi nding 
in need of an explanation was the fact that as 
already noted by Pugh [ 1 ] supplying oxygen to 
(Caucasian) subjects chronically adapted to 
hypoxia in Everest base camp did not bring their 
exercise performance or their VO 2  max back to 
the values observed at sea level (see [ 11 ,  12 ]). 
Cerretelli [ 11 ] noted that in ten base-camp- 
adapted subjects, VO 2  max at 5,350 m was 
reduced by 30 % from sea-level control values. 
Supplying oxygen to these subjects brought their 
VO 2  max back to 92 % of sea level despite the 
fact that cardiac oxygen delivery massively sur-
passed sea-level values mainly due to a 40 % 
increase in hematocrit under these conditions. 
This fi nding was particularly noteworthy in the 
light of the generally prevailing notion of a 
monofactorial cardiac limitation of VO 2  max. 
Cerretelli [ 11 ] thus suggested that “…the limit to 
VO 2  max at altitude is at least in part peripheral.” 
Based on this conviction, Cerretelli sought col-
laboration with the Department of Anatomy in 
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Bern. In Bern, we had used morphometric techniques 
to analyze human skeletal muscle tissue seeking 
relationships between muscle structure and mus-
cle performance capacity [ 13 ]. The ensuing 
cooperation between the two labs lasted for over 
2 decades and resulted in a number of publica-
tions focused on structural modifi cations of mus-
cle tissue with altitude both in lowland and 
high-altitude populations [ 14 ]. In the context of 
the current review, we will refer to high altitude 
as elevations of 3,000–5,500 m, as extreme alti-
tude elevations >5,500 m [ 15 ]. Comprehensive 
summary of structural fi ndings of relevance to 
long-term hypoxia is given in Fig.  9.1 .

       Muscle Changes at Altitude 
in Lowlanders 

  Body and Muscle Mass : It has been a consistent 
fi nding that high-altitude exposure over normal 
expedition periods of 6 weeks results in weight 
losses of the order of 5–10 % with a reduction of 
quadriceps cross-sectional area of the order of 
10 % [ 16 ]. It was subsequently shown that good 
acclimation procedures and optimal housing and 
nutritional conditions can mostly prevent loss of 
body and muscle mass [ 17 ,  18 ] and that malab-
sorption does not seem to be a major issue [ 19 ]. 
According to Westerterp [ 20 ] energy balance can 
be sustained to altitudes up to 5,000 m. Above 
that, loss of appetite and mountain sickness pre-
vent maintenance of energy balance with malab-
sorption playing a minor role. More recent 
research shows the problem of body and muscle 
mass loss at altitude to be more deeply rooted. 
Reactive oxygen species (ROS), cytokines, hor-
mones, neurotransmitters, receptors, and ligands 
all have been implied to be potentially involved 
in metabolic control at altitude [ 21 ,  22 ]. The 
involvement of the hypoxia master gene, HIF-1, 
has been shown for the regulation of the leptin 
gene at least in cell cultures [ 23 ]. Leptin seems to 
be upregulated in people responding with appe-
tite loss upon high-altitude exposure [ 24 ] but 
seems to be unchanged in elite climbers at high 
altitude [ 25 ]. The latter study rather points to a 
number of endocrine adaptations of importance 
in high-altitude weight loss. The issue of appetite 

and weight loss at altitude thus remains currently 
unresolved but is likely multifactorial (see Chaps. 
  13     and   15    ). 

  Muscle Fiber Size and Muscle Fiber Types : In 
line with the reduction of muscle cross-sectional 
area, we found a 20 % loss of muscle fi ber 
 cross- sectional area in 14 mountaineers after 8 
weeks of exposure to Everest base camp condi-
tions [ 26 ]. Similar decreases in arm and leg mus-
cle cross-sectional area and in type I and type II 
fi ber cross-sectional area are also reported for 
fi ve subjects of Operation Everest II for which an 
ascent to Mt. Everest was simulated in a hypo-
baric chamber over a 40-day period [ 27 ]. More 
recently muscle biopsies of the arm muscle 
biceps brachii and the thigh muscle vastus latera-
lis were obtained from seven active and eight less 
active subjects before and after sojourn for 75 
days at or above 5,250 m [ 28 ]. Muscle fi ber size 
is reported to have decreased by 15 % indepen-
dent of muscle and activity level. It is thus rea-
sonably well established that the total quantity of 
skeletal muscle tissue suffers when humans 
expose themselves to altitudes in excess of 
5,000 m for longer periods of time. The reason 
for muscle loss remains debated. A recent report 
indicates that in early exposure to hypoxia 
(4,500 m), mTOR (mammalian target of rapamy-
cin) a key regulator of translation of mRNA in 
muscle and other tissues is decreased [ 29 ]. This 
fi nding is in line with current concepts of regula-
tors of muscle mass as the increase of translation 
of myofi brillar mRNAs via the mTOR pathway is 
considered responsible for muscle hypertrophy 
with strength training [ 30 ]. Holm et al. [ 31 ] found 
whole body amino acid turnover to be increased 
with myocontractile protein synthesis rate 
increased and sarcoplasmic protein synthesis rate 
unchanged in humans exposed for 1 week to 
4,600 m. These recent results continue to leave 
the question as to the mechanism of altitude mus-
cle mass loss open. More comprehensive future 
studies involving high-throughput metabolomics 
and transcriptomic and proteomic studies may 
help to resolve existing controversies (see also 
below) [ 32 ]. 

 Muscle fi ber type distribution does not seem 
to be affected by high-altitude/hypoxia exposure 
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  Fig. 9.1    Morphometric variables obtained from biopsies of various populations of subjects analyzed with identical 
ultrastructural morphometric techniques (mean and individual data points)       
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in humans [ 33 ] or in mice [ 34 ]. By contrast, the 
results of a recent study on seven male, untrained 
mountaineers, exposed to 5,000 m for 23 days 
during an expedition to Manaslu, indicate both a 
shift to type I fi bers combined with an increase in 
mitochondrial content and fi ber size [ 35 ]. These 
rather unexpected fi ndings may be related to the 
fact that the untrained subjects involved in this 
study may have undergone typical endurance- 
type adaptations over the expedition period. 

 With long-term hypoxia such as seen in chronic 
obstructive pulmonary disease (COPD), it has 
been shown to shift fi ber type distribution in vastus 
lateralis towards the most glycolytic fi ber types 
IIb/x with a concomitant reduction in fi ber size of 
all fi ber types [ 36 – 38 ]. The latter fi nding could be 
due to the disease-related hypoxia, hypoactivity, or 
the chronic infl ammatory state of COPD. 

  Muscle Capillarity : Muscle capillarity has con-
sistently found to be increased by 9–20 % with 
high-altitude exposure in human biopsy studies, 
with longer exposure times showing larger 
increases [ 16 ,  27 ,  28 ,  33 ,  39 ]. In all cases the 
observed increase in capillary density (or capil-
lary length per fi ber volume) was due to a con-
stant capillary to fi ber ratio (C/F ratio) combined 
with the previously discussed decrease in fi ber 
size. From this it can be concluded that high- 
altitude exposure does not lead to true capillary 
neoformation; it is rather found that the same 
capillary network supplies a smaller fi ber volume 
at least in humans. This is a surprising fi nding as 
one would expect HIF-1, upregulated in hypoxia, 
to promote a host of factors involved in angio-
genesis. All the more, other factors such as an 
increase in reactive oxygen species at altitude 
should support HIF action [ 40 ]. There is evidence 
of a lack in capillary neoformation and an attenu-
ated gene expression of vascular endothelial 
growth factor (VEGF) and its receptors in gas-
trocnemius muscle of rats exposed to normobaric 
hypoxia simulating an altitude of 4,000 m for 8 
weeks [ 41 ]. Likewise, VEGF mRNA has not 
found to be increased in humans after acclimati-
zation to 4,100 m for 8 weeks [ 42 ]. Animal 
experiments would indicate that the capacity to 
increase capillary density and aerobic enzymes at 
altitude is in principle maintained at least under 

certain experimental conditions in some species 
(see [ 43 ]). Data from humans exposed to alti-
tudes in excess of 5,000 m do not seem to support 
this notion [ 28 ]. There    is currently no good 
explanation as to why the angiogenic program in 
human skeletal muscle tissue of subjects with 
long-term exposure to high or extreme altitude 
does not seem to be invoked, as it may be in other 
tissues such as the brain [ 44 ]. 

  Muscle Mitochondria : Muscle oxidative capacity 
estimated by biochemical methods (i.e., citrate 
synthase, CS, or succinate dehydrogenase, SDH, 
activity) was reduced by some 20 % in seven sub-
jects of a Swiss Himalayan expedition after return 
to sea level [ 45 ] as well as in fi ve  subjects after 
Operation Everest II [ 27 ,  33 ]. Somewhat smaller 
decreases in CS and 3-hydroxyacyl-CoA-dehy-
drogenase (HAD) activities are reported for nine 
subjects that were exposed to an altitude of 
3,450 m for 6–44 weeks [ 39 ]. We found the mito-
chondrial volume density in vastus lateralis to be 
reduced by close to 20 % with the smaller fraction 
of subsarcolemmal mitochondria more reduced 
(−43 %) than the larger fraction of interfi brillar 
mitochondria (−13 %) in 14 subjects after return 
from Everest base camp [ 26 ]. Mizuno et al. [ 28 ] 
found no signifi cant changes in aerobic enzyme 
activities (CS and HAD) in the leg 
muscle biopsies of their 15 subjects after 75 days 
at 5,250 m. These fi ndings clearly refute 
Hochachka’s interpretive hypothesis mentioned 
above [ 4 ]. In almost all instances, aerobic capac-
ity of skeletal muscle tissue after sojourn at 
extreme altitude is compromised. We must further 
consider that the decrease of muscle mass and the 
decrease in aerobic enzyme activities or mito-
chondrial volume densities are multiplicative. For 
the 14 subjects on return from Everest, this meant 
a decrease in leg muscle oxidative capacity (abso-
lute volume of mitochondria) of the order of 
30 %. As a consequence and not surprisingly, we 
found that VO 2  max of these subjects was also 
signifi cantly reduced from 4.1 to 3.9 l/min. A fur-
ther fi nding of note of this study was the fact that 
the subjects with the highest mitochondrial vol-
ume densities suffered most from high-altitude 
exposure. The exercise training- related difference 
in mitochondrial volume density of sedentary and 
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trained subjects was lost with all subjects having 
similar mitochondrial volume densities after 
return from base camp [ 26 ]. It cannot be excluded 
that the mitochondrial loss in trained subjects 
might at least in part be due to detraining related 
to the inability to maintain sea-level training vol-
umes at high altitude. 

 The fi nding of a decrease of skeletal muscle 
mitochondrial volume and oxidative enzyme 
activities with prolonged high-altitude expo-
sure in humans is surprising. There is evidence 
from studies in which endurance exercise train-
ing was carried out in hypoxia (discussed 
below)—that hypoxia per se activates HIF as 
well as a set of mitochondrial genes when 
hypoxia is present only during the limited time 
of an exercise  session [ 46 ,  47 ]. In addition, 
there is increasing evidence that hypoxia infl u-
ences mitochondrial genes not only via the HIF 
pathway but also in interaction with ROS [ 48 –
 50 ]. We have to admit that we currently lack a 
mechanistic  understanding of the failure of the 
hypoxic HIF and ROS induction to augment 
mitochondriogenesis. This failure is particu-
larly noteworthy as other known HIF and ROS 
actions, such as a shift away from fatty acid to 
carbohydrate metabolism in muscle, work as 
expected [ 51 – 53 ]. 

  Lipofuscin in Muscle : An interesting additional 
structural aspect of post-expeditional muscle 
 tissue deterioration is an accretion of lipofuscin 
(Fig.  9.2 ) [ 54 ]. Lipofuscin is considered to be a 
degradation product of lipid peroxidation accu-
mulating over a lifetime in postmitotic tissues 
such as nerve cells and cardiac and skeletal myo-
cytes. A major stress of high-altitude exposure is 
the excess formation of ROS in mitochondria 
[ 55 ]. Our fi nding of a more than threefold 
increase in muscle lipofuscin content over an 
expedition period is the likely consequence of 
ROS formation [ 54 ]. This massive change in 
lipofuscin content can be seen as a consequence 
of the activation of macroautophagy and 
chaperone- mediated autophagy, necessary to 
deal with the bulk of ROS-damaged proteins [ 56 , 
 57 ]. The accumulated lipofuscin is thought to 
diminish the effi ciency of lysosomal degradation, 
with the process being akin to accelerated cellu-
lar senescence. Lipofuscin in skeletal muscle tis-
sue is quite conspicuously elevated in elderly 
subjects, whereby lipofuscin is almost exclu-
sively found in subsarcolemmal regions adjacent 
to the nucleus and close to capillaries (Hoppeler’s 
unpublished observations). COPD patients have 
also shown to have increased levels of lipofuscin 
in their quadriceps muscles compared to healthy 

  Fig. 9.2    Electron micrograph showing lipofuscin in human skeletal muscle       
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controls [ 58 ]. In these patients lipofuscin 
 inclusions have been shown to be more abundant 
in the oxidative type I fi bers with the suggestion 
that oxidative damage mediated by muscle tissue 
neutrophils could play a role in oxidative damage 
[ 59 ]. The long-term fate and biological relevance 
of lipofuscin accumulations after exposure to 
extreme altitude of lowlanders remain to be 
determined.  

  Myoglobin : Hurtado [ 60 ] noted a higher content 
of myoglobin in muscles of dogs native to high 
altitude. This was substantiated by Reynafarje [ 3 ] 
on biopsies obtained from miners living at 
4,400 m. The functional role of myoglobin in 
muscle has been subject to controversy; however, 
it seems clearly established that myoglobin 
serves a supportive role in facilitating oxygen 
fl ux to mitochondria [ 61 ] and as a scavenger of 
nitric oxide [ 62 ]. The interrelationship of skeletal 
muscle myoglobin concentration, exercise, and 
hypoxia has remained controversial with studies 
on humans and various mammalian species 
showing inconsistent results (see [ 43 ]). It was 
shown that the myoglobin gene has no hypoxia-
responsive element (HRE; [ 63 ]). Recent transla-
tional studies indicate that exercise together with 
hypoxia can regulate myoglobin gene expression 
via calcium transients and translocation of 
nuclear factor of activated T cells (NFAT; [ 64 ]). 
Given the distinct species specifi city of changes 
of myoglobin concentrations in skeletal muscles 
with exercise [ 65 ,  66 ], it remains to be seen how 
the results of the elegant study in mice [ 64 ] are 
applicable to humans. 

  Acid–Base Regulation and Buffer Capacity : In 
eight lowland subjects exposed for 8 weeks to 
4,100 m, there was a 40–70 % increases in some 
muscle proteins involved in acid–base balance 
(Na + −HCO 3 - co-transporter; the membrane- 
bound carbonic anhydrase, CA IV), while others 
decreased (CA XIV) or remained unchanged 
(cytosolic CA II and III; [ 67 ]). Observed changes 
were smaller in muscle tissue than in erythro-
cytes. It is suggested that these changes could 
infl uence lactate, HCO 3 -, and H +  fl uxes from 
muscle to blood; however, the functional relevance 

of these changes is currently unclear. There is 
also a report on a small increase in muscle  buffer 
capacity (5 % and 9 % in vastus lateralis and 
biceps brachii, respectively) in 15 subjects 
exposed to 5,250 m for 75 days [ 28 ]. 

 Lowlanders exposed to altitudes between 
5,000 and 6,000 m, such as those typically expe-
rienced during mountaineering expeditions to the 
Himalayas, experience a loss in body mass 
mostly related to a loss of appetite that prevents 
maintenance of energy balance. A loss in muscle 
mass and muscle fi ber size is also observed pos-
sibly in connection with a suppression of the 
mTOR pathway regulating mRNA translation of 
myofi brillar proteins. Despite of the activation of 
the HIF and ROS (redox) pathways in hypoxia, 
mitochondrial volume and muscle oxidative 
capacity are reduced while capillary supply is 
maintained. An accumulation of lipofuscin can 
be taken as proof of increased lipid peroxidation/
degradation related to the increase of ROS at high 
altitude. Overall, we thus see a signifi cant degra-
dation of muscle tissue with an ensuing loss of 
muscle function in lowlanders exposed to 
 altitudes in excess of 5,000 m.  

    Muscle Structure in Permanent 
High-Altitude Residents 

 During a research stay in La Paz in 1992, we had 
the opportunity to study the morphology of mus-
cle tissue in a group of young untrained students 
of mixed ethnic background which had lived per-
manently in La Paz (3,600–4,000 m) with no stay 
(>1 month) at lower altitudes in the 3 years pre-
ceding the study [ 68 ]. Figure  9.1  compares 
biopsy data of these to those of lowland controls 
of similar age and background [ 69 – 71 ]. The 
comparison indicates that fi ber size and fi ber type 
distribution are similar in lowlanders and in per-
manent high-altitude dwellers. Muscle mitochon-
drial content as well as capillary to fi ber ratio is 
reduced by some 20 % in high-altitude residents. 
This indicates that both indices of oxygen 
demand and of oxygen supply are similarly 
reduced. This fi nding is in contrast to the early 
report of Reynafarje [ 3 ] that indicated an 

9 Skeletal Muscle Tissue Changes with Hypoxia



198

increased oxidative capacity of skeletal muscle in 
permanent high-altitude residents. It has been 
suggested that the discrepancy of these fi ndings 
stems from the fact that Reynafarje [ 3 ] compared 
an active miner population to sedentary labora-
tory personnel and that the effect noted by 
Reynafarje was thus not due to hypoxia but rather 
to a difference in the level of activity [ 39 ]. This 
observation is in line with the fi nding that a stren-
uous standard endurance exercise protocol of 6 
weeks leads to similar relative improvements of 
an approx. 30 % increase in mitochondrial vol-
ume density in both lowland and highland inhab-
itants [ 68 ,  69 ]. In this context it has also been 
noted that the intramyocellular lipid stores in 
highland subjects are only half those of lowland-
ers. Moreover, there is only a marginal increase 
of these intramyocellular substrate stores with 
endurance exercise training [ 68 ], whereas there is 
a more than twofold increase in this parameter 
with an analogous training intervention in low-
landers [ 69 ]. It is possible that this structural 
refl ection of myocellular substrate preference is a 
consequence of HIF activation and its multiple 
actions on metabolic pathways. The low  oxidative 
capacity with a commensurately low capillary 
supply of skeletal muscle tissue of high-altitude 
residents puts permanent high- altitude residents 
at a disadvantage when exposed to normoxia. 
Favier et al. [ 72 ] demonstrated that VO 2  max 
increased by a mere 8.2 % in high- altitude resi-
dents when subjected to acute normoxia, less 
than half of what would be expected if acclima-
tized lowlanders would be subjected to a similar 
manipulation [ 14 ].  

    Muscle Tissue of Tibetans 
and Quechua 

 High-altitude populations offer fascinating 
options to study genetic selection in humans as a 
recognized major stressor, hypoxia, is present in 
permanence. In a temporal sequence, hypoxia 
fi rst elicits an acute response (O 2  sensors in the 
carotid body, EPO production, etc.) aimed at 
defending homeostasis. Some of the acute responses 
triggered by hypoxia function as molecular 

signals inducing specifi c gene expressional 
changes in different tissues which favor cell, tis-
sue, and organismal function under hypoxia. 
HIF-1 is recognized to be one of the key players 
of cellular hypoxia response. In a second step, 
organisms thus use “phenotypic plasticity” to 
acclimatize to hypoxic conditions. Given enough 
time, genetic variability of key traits, and selec-
tion pressure, phylogenetic adaptations can occur 
[ 73 ]. It is assumed that the Tibetan plateau has 
been inhabited for ≈22,000 years (1,100 genera-
tions) while the Andean altiplano has a much 
shorter colonization ≈11,000 years (550 genera-
tions; [ 74 ]). In principle both time spans offer 
suffi cient opportunity for natural selection to act 
[ 75 ] (and Chap.   19    ). Interestingly, Tibetans and 
Quechua have evolved differently to successfully 
cope with living at altitudes around 4,000 m [ 75 ]. 
Most prominently, Tibetans have an increased 
hypoxic ventilatory response (HVR) absent in 
Quechua. By contrast, Quechua show elevated 
erythropoietin levels and hemoglobin concentra-
tions, absent in Tibetans (see [ 75 ]). While Andean 
highlanders are susceptible to chronic mountain 
sickness, this condition is rare in Tibetans [ 76 ]. 
Van Patot and Gassmann [ 77 ] have argued 
recently that modifi cations in the EPAS-1 gene, 
encoding HIF-2α, could be responsible for some 
of the differences observed between highland 
populations. 

 With regard to skeletal muscle tissue, there is 
limited data from both high-altitude populations. 
Assuming typical lowlanders to have on average 
some 50 % type I (slow-oxidative) fi bers, there is 
a tendency in Tibetans (59 % type I,  n  = 8) and 
Quechua (68 % type I,  n  = 3) to have an elevated 
number of type I fi bers [ 78 ,  79 ]. However, all val-
ues observed in highland populations fall within 
the range usually observed in untrained and 
trained lowlanders. Fiber cross-sectional area is 
generally found to be at the lower end of the 
spectrum seen in lowlanders [ 80 ]. In a compari-
son of second-generation Tibetans living in 
Kathmandu (1,300 m) with subjects of lowland 
origin, the Tibetans were found to have signifi -
cantly smaller muscle fi bers [ 78 ]. Tibetans are 
found to have mitochondrial volume densities 
reduced by about 20 % when compared to low-
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land subjects of similar age and training status 
[ 80 ]. Likewise, second-generation Tibetans were 
also found to have signifi cantly reduced mito-
chondrial densities and commensurately lower 
citrate synthase activities than Nepalese with 
lowland origin [ 78 ]. Generally in line with these 
fi ndings, Quechua type I fi bers are reported to 
have lower oxidative and higher glycolytic 
enzyme activities (malate dehydrogenase and 
lactate dehydrogenase, respectively [ 79 ]). 
Capillary density in Tibetans is found to be in the 
same range as that of comparable lowland popu-
lations [ 78 ,  80 ]. As a consequence, Tibetans have 
a relatively better capillary supply of muscle 
mitochondria; i.e., the same capillary network 
supplies a smaller oxidative capacity. Together 
with a reduced oxidative capacity, we also fi nd 
signifi cantly reduced quantities of intramyocel-
lular lipids [ 78 ,  80 ]. This fi nding is compatible 
with the contention of a shift away from lipid 
metabolism and is corroborated by a signifi cantly 
smaller activity of 3-hydroxyacyl-CoA dehydro-
genase (HAD, a key enzyme of lipid metabolism) 
in Tibetans as compared to lowland Nepalese 
[ 78 ]. Relating VO 2  peak to mitochondrial vol-
umes, it becomes apparent that Tibetans reach a 
higher ratio of peak oxygen consumption to 
mitochondria volume than lowland populations 
[ 78 ,  80 ]. The structural fi ndings reported above 
may be responsible for the fact that Tibetans lose 
up to 20 % less of their aerobic performance 
capacity when asked to perform in a hypoxic 
environment compared to lowlanders [ 81 ]. 

 A reanalysis of available Tibetan muscle tissue 
with proteomic, biochemical, and morphometric 
techniques has yielded a number of additional 
features of skeletal muscle tissue, some of which 
hint at phylogenetic adaptations of Tibetans to 
their high-altitude habitat [ 82 ]. Both fi rst- and 
second-generation Tibetans show a signifi cant 
upregulation of myoglobin, more than twofold in 
Tibetans previously exposed to high altitude. An 
increased content of myoglobin can be seen as 
advantageous for oxygen diffusion in muscle tis-
sue and thus contributing towards maintaining 
muscle aerobic metabolism in hypoxia (see 
above). In Tibetans returning from Everest base 

camp, glutathione S-transferase (an antioxidant 
enzyme involved with lipid  peroxidation) was 
upregulated over three fold, possibly related to 
the increased capacity of Tibetan  muscle tissue to 
deal with ROS damage. We found lipofuscin con-
tent in these muscle biopsies barely elevated 
above values seen in Caucasian climbers before 
high-altitude exposure.  

    Exercise Training in Hypoxia 

 This review has so far been concerned with 
humans continuously exposed to high or extreme 
altitude for durations in excess of 1 month. The 
combined evidence indicates that a number of 
defensive mechanisms are activated, indicating 
that elevations above 5,000 m are not a desirable 
long-term environment for our species. It has 
long been noted that sojourn at moderate alti-
tudes (2,000–3,000 m) has measurable physio-
logical effects such as a HIF-1-mediated increase 
in erythropoietin and elevation in red blood cell 
counts. This is seen as advantage in endurance- 
oriented sports (see [ 83 ,  84 ]). In the athletic 
environment “live high—train low,” i.e., spend-
ing some 12–14 h in hypoxia equivalent to at 
least 2,500 m but training under normoxic condi-
tions has been shown to be effective in certain 
sports (see [ 85 ] and Chap.   16    ). We have used the 
alternative strategy “train high—live low” with 
the rationale to enhance the training stress 
(mainly on muscle) by using normobaric hypoxia 
during intense training sessions while recovering 
in ambient normoxia [ 86 ]. This was done in view 
of the negative effects on muscle tissue of per-
manent hypoxia exposure. We have recently 
critically reviewed the literature comprising 27 
controlled studies with regard to the “train 
high—live low” paradigm in untrained and 
trained subjects [ 87 ]. In sedentary subjects it is 
evident that the main stressor is “exercise train-
ing,” whether exercise is carried out in a nor-
moxic or hypoxic environment. In nine studies 
of trained subjects, four report an added benefi t 
of performing some of the training load under 
hypoxic conditions.    With regard to muscle 
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 tissue, it is of note that hypoxic training induces 
a signifi cant upregulation of a number of genes, 
among them HIF-1 and genes related to carbohy-
drate metabolism, mitochondrial biogenesis, pH 
regulation, and oxidative stress, compared to 
training in normoxia [ 47 ] (see also [ 88 ,  89 ]). 
While “train high—live low” cannot be shown to 
be an advantage for competition at sea level, it 
may be of advantage for competition at altitude 
when an athlete’s usual training environment is 
near sea level (0–500 m). 

 In conclusion we fi nd that long-term sojourn 
at altitudes >5,000 m has mainly negative conse-
quences to muscle tissue as evidenced by a 
decrease in fi ber size, a loss of mitochondria, and 
an increased accumulation of lipid peroxidation 
products. Tissues (including muscle) activate a 
defensive program in hypoxia of which the HIF-1 
response is currently well described but not likely 
the only mechanism of protection. Further confi r-
mation of the stress of permanent living at high 
altitude (3,000–5,500 m) comes from the demon-
stration of disparate but effective phylogenetic 
adaptations of high-altitude populations, Tibetans 
and Quechua. Finally, using hypoxia during exer-
cise sessions has been shown to lead to a specifi c 
molecular signature of the muscle tissue response 
of potential benefi t for competition at altitude. 
Further understanding of interactions of hypoxia 
with the human phenotype will come from the 
combination of careful classical physiology with 
genomic data and data obtained with high- 
throughput technology to assess changes in the 
transcriptome, proteome, and metabolome.     
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    Abstract  

  This chapter deals with oxygen- carrying capacity of blood and  haemostasis. 
It focuses on the effects of intermittent exposure to hypoxia on red blood 
cell mass, particularly in the various settings used by athletes. Furthermore, 
mechanisms of neocytolysis occurring on descent from high altitude are 
discussed, as well as mechanisms accounting for a rapid decline of erythro-
poietin serum levels during persistent hypoxia, whilst increased erythropoi-
esis is maintained. Different strategies of adaptation to chronic hypoxia 
with regard to haemoglobin and oxygenation of the Andean, Ethiopian and 
Tibetan populations are discussed in the light of recent fi ndings of genetic 
mutations in these populations. The review on haemostasis includes studies 
on platelets, blood coagulation and fi brinolysis in acute and chronic expo-
sure to hypoxia and the discussion of potential mechanisms of activation of 
blood coagulation at altitudes above 4,000 m.  
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 10      Blood and Haemostasis 

           James   S.   Milledge      and     Peter     Bärtsch    

        Oxygen-Carrying Capacity of Blood 

    Introduction 

 The blood has many components and functions, 
but in this chapter we will focus only on its 
oxygen- carrying capacity (in Part I) and on hae-
mostasis (Part II). 

 In an earlier review on this topic, Robert 
Grover and Peter Bärtsch outlined the importance 
of blood in the transport of oxygen [ 1 ]. They 
pointed out the considerable individual variation 
in haematocrit even at sea level and its change 
with age and difference between men and women. 
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The increase in red blood cell count is probably 
the best-known response to hypoxia fi rst shown 
by Viault in 1890. This is initially due mainly to 
a reduction in plasma volume (haemoconcentra-
tion) as a diuretic response to acute hypoxia and 
possibly a reduction in fl uid balance or increased 
insensible water loss (see Chap.   11    ). With sus-
tained hypoxia, there is a slow increase in red cell 
mass (RCM). Again the increase in hematocrit, 
Hb and RCM is very variable. It might be thought 
that this variability is partly due to the differing 
hypoxic ventilatory response (HVR) resulting in 
variability of oxygen saturation in subjects at the 
same altitude and hence O 2  supply to the kidney, 
but Chapman et al. [ 2 ] found no correlation 
between HVR and erythropoietin (EPO) levels. 
The increase in RCM is driven by an increase in 
EPO. However, the increase in serum EPO con-
centration falls away in 3–10 days, to levels only 
marginally above control whilst the RCM contin-
ues to rise for 3–6 months. The time course of 
these changes and the effect of PaO 2  on the rise in 
RCM were illustrated, again showing consider-
able individual variability. Note that the mecha-
nism for hypoxia turning on the EPO gene via 
hypoxia-inducible factor (HIF) is discussed in 
Chap.   2    . 

 Oxygen-haemoglobin affi nity was discussed 
and the effects of changes in 
2,3- diphosphoglycerate. The conclusion was that 
small changes in 2,3-DPG are unimportant and 
that the in vivo oxygen dissociation curve is 
probably little different from that at sea level, at 
least at rest and up to altitudes of 4,000–5,000 m. 
At extreme altitude the under-corrected respira-
tory alkalosis will shift the curve to the left, prob-
ably a benefi cial effect in enhancing lung oxygen 
uptake to a greater extent than retarding oxygen 
release in the tissues [ 3 ]. 

 The blood of high-altitude residents was then 
considered. The higher the altitude of residence, the 
higher is the haematocrit and haemoglobin concen-
tration [Hb].    However, populations differ in their 
response, Andean (and USA) high- altitude resi-
dents having higher levels of haematocrit than 
Himalayan (Tibetan) residents. These populations 
are at risk of excessive polycythaemia and chronic 
mountain sickness (CMS) (Chap.   22     of this  edition). 

CMS resolves if the patient descends to low altitude 
and also responds to respiratory stimulants. 

 Finally, the value of increased haematocrit 
was discussed. It was concluded that a modest 
increase to 50–53 % is benefi cial in increasing 
oxygen delivery but probably much higher levels 
are not due, perhaps, to increased viscosity and 
less diffusive equilibration in the lungs and tis-
sues [ 4 ].  

    Intermittent Hypoxia 
and Erythrocytosis 

 In the last 10–15 years, there has been much 
interest in the use of intermittent hypoxia in the 
sports science community as an aid to training. 
This stems from the use of altitude training to 
improve performance at sea level. The disadvan-
tage of training at altitude is that the intensity of 
training has to be reduced. In order to overcome 
this problem, Levine and Stray-Gundersen intro-
duced the concept of “live high, train low”. It was 
hoped that by training at low altitude, the inten-
sity of training could be maintained whilst by liv-
ing at high altitude, for most of the day and night, 
the advantage of increasing the RCM would be 
gained. The hopes for benefi ts in both haemato-
crit and exercise performance have largely been 
disappointing as reviewed in Chap.   16    . 

 Actually going to altitude and commuting to 
low altitude each day to train are impractical for 
most athletes, and so the possibility of simulating 
altitude in a chamber or tent or by simply breath-
ing a low-oxygen mixture seemed to offer a cheap 
alternative. There have been a large number of 
studies exploring this possibility. Some have 
looked at the effect of training under hypoxic con-
ditions for an hour or so a day for some weeks. 
Others have simulated “live high, train low” by 
providing hypoxia during the night and training in 
normoxia in the day. Others have used an inter-
vention of switching frequently from hypoxia to 
normoxia for periods of an hour or two daily for a 
week or weeks. Again, as for living in hypobaric 
hypoxia, simulation by normobaric hypoxia has 
been disappointing in terms of enhanced perfor-
mance and signifi cant erythropoiesis (reviewed in 
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Chap.   16    ). Most recently, a double-blind placebo-
controlled trial of  normobaric “live high, train 
low” found no effect on either exercise performance 
or RCM [ 5 ]. 

 However, enough studies have measured 
RCM to make a judgement on the effect of inter-
mittent hypoxia on RCM. Schmidt and Prommer 
[ 6 ] have reviewed these studies and conclude that 
to effect a signifi cant increase in RCM:
    1.    The altitude must be above 2,100 m (or 

equivalent).   
   2.    The duration of hypoxia must be greater than 

13–14 h per day.   
   3.    There was little or no effect of altitude above 

the threshold, although the maximum altitude 
of these studies was 3,500 m (Fig.  10.1 ).
       They also found that the total time at altitude 

had little effect but the days at altitude in the 
studies reviewed varied only from 12 to 31 days. 
Gore et al. [ 7 ] studied subjects who were exposed 
to an altitude equivalent to 4,000–5,500 m but for 
only 3 h a day, 5 days a week for 4 weeks.    They 

found that even using this very high altitude, the 
rise in RCM was not signifi cant (1.0 %).  

    Red Cell Mass and Performance 
at Altitude and Sea Level 

 In an earlier review, Grover pointed out that there 
is considerable variation in the various red cell 
indices, [Hb] and RCM [ 1 ]. In normal daily liv-
ing, this does not seem to matter. Moderate 
decrease in [Hb] is compensated for by an 
increase in cardiac output. The lower viscosity of 
anaemic blood reduces the cardiac work, within 
certain limits. However, when the system is put 
under pressure as in athletic trials, especially 
middle-distance races, it has been shown that 
increasing the RCM (doping) certainly improves 
performance at sea level, i.e. VO 2  max and time 
to exhaustion [ 8 ]. At altitude, although perfor-
mance increases to some extent with acclimatisa-
tion, other processes are at work besides an 

  Fig. 10.1    Percentage change in Hb mass or RCM during 
“live high, train low” studies, in relation to hours of expo-
sure each day. There appears to be a step change in 
response of RCM; those studies using >13–14 h per day 

showing a response whilst <13–14 h showed no signifi -
cant response. The data comes from a review of some 14 
studies; see original paper for details (From Schmidt and 
Prommer [ 6 ] with permission)       
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increase in [Hb] and RCM. Anecdotally, in 
climbing expeditions those with the best climb-
ing performance are not those with the highest 
[Hb]. Young et al. [ 9 ] studied the effect of red cell 
infusion on going to altitude (4,300 m) and found 
that this did not improve VO 2  max compared 
with a control group of subjects, and Calbet et al. 
[ 10 ] studied a group of subjects acclimatised to 
5,260 m. They found that reducing their [Hb] 
from 185 to 136 g/L by isovolaemic haemodilu-
tion did not change VO 2  max. More recently, 
Robach and colleagues [ 11 ] studied subjects 
before and after prolonged treatment with EPO, 
at a range of altitude equivalents using normo-
baric hypoxia. They found that RCM was 
increased and that whilst the treatment improved 
performance up to 3,500 m, at above 4,500 m 
there was no improvement. These studies all sug-
gest that an increase in [Hb], RCM or Hct much 
above the normal sea-level values does not 
improve performance above about 4,000 m as 
predicted in modelling studies [ 4 ]. So presum-
ably, performance at altitude above this level is 
not limited by oxygen delivery.  

    Haemoglobin Concentration on 
Descent from Altitude: Neocytolysis 

 On descent from altitude, arterial oxygen satura-
tion will return to the normal 96–98 %, and this, 
together with the now raised [Hb], would be 
expected to inhibit EPO secretion. Milledge and 
Cotes [ 12 ] reported that serum EPO levels were 
indeed depressed to 66 % of control values 8 and 
20 h after descent to 1,200 m following 2 months 
at or above 4,500 m. Risso et al. [ 13 ] found EPO 
levels to be only 25 % of control values 6 days 
after descent from 53 days at or above 4,500 m. 
The low EPO levels would be expected to reduce 
the rate of red cell production, but a study by 
Rice et al. [ 14 ] of haematological values of high- 
altitude residents descending to sea level found 
also evidence of a process called neocytolysis. 

 Neocytolysis is the process by which young 
red blood cells are selectively recalled by the 
reticuloendothelial system, allowing rapid reduc-
tion in RCM. The process was fi rst observed in 
astronauts [ 15 ]. On entering microgravity, their 

plasma volume decreases and the hematocrit 
rises; EPO levels fall to below normal, triggering 
neocytolysis. This results in a reduction of RCM, 
bringing the [Hb] back to normal but with a 
reduced blood volume. More recent work 
reviewed by Rice and Alfrey [ 16 ] indicates that 
the process involves selective haemolysis of 
young RBCs by the cells of the reticuloendothe-
lium, especially in the spleen. These young RBCs 
are recognised by changes in their surface mark-
ers. When EPO levels fall below a critical thresh-
old, these markers appear to undergo rapid 
change, making these young cells appear old. 
They are then phagocytosed. Recent work on 
identifying these markers found that a decreased 
expression of CD44 (homing-associated cell 
adhesion molecule) and CD71 (transferrin recep-
tor) appeared to correlate best with neocytolysis 
and CD35 (complement receptor) less so [ 17 ]. 

 This mechanism was confi rmed by Risso et al. 
[ 13 ] in the study cited above, showing that after a 
6-day descent to sea level, EPO levels were 25 % 
of control values. Using density separation, they 
separated red cells into young, middle-aged and 
old subsets. Young and middle-aged subsets had 
almost disappeared after descent, representing 
only 0.19 and 1.90 % of all cells, whilst old cells 
increased from 29.5 to 97.9 %. The remaining 
red cells had acquired a senescent-like pheno-
type. The same team, in a follow-up study, 
showed that RBCs of mountaineers after return to 
sea level, following an altitude stay, showed a 
lower expression and fragmentation of β-actin. 
This suggested a change in the membrane skele-
ton of the RBCs. Interestingly they had found 
similar changes in the RBCs of patients with 
β-thalassaemia [ 18 ]. 

 Low levels of EPO also trigger changes in the 
endothelial cells of the spleen, making the capillar-
ies more permeable to young RBCs [ 19 ]. These 
changes are unique to the splenic endothelium. 

 For athletes who hope to increase their RCM 
and hence performance for sea-level events by 
altitude training, the reality of neocytolysis will 
mean that RCM is reduced even faster than would 
be calculated on the basis of normal red cell 
survival. 

 Other situations in which neocytolysis is 
involved include the neonate born with a high 
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[Hb] level, inappropriate for the now increased 
oxygen saturation thus depressing EPO levels 
and triggering neocytolysis.    Also in renal failure 
patients where the Low EPO levels in renal fail-
ure also cause neocytolysis, which contributes 
further to the anaemia in these patients [ 20 ]. EPO 
therapy is improved in this situation, if small fre-
quent doses are given to avoid a dip in serum 
EPO levels to below the critical value.  

    The Erythropoietin Paradox 

 On arrival at altitude, serum EPO levels rise 
within hours. The mechanisms involved in oxy-
gen sensing and induction of a whole host of hor-
mones, including EPO, is via hypoxia-inducible 
factor (HIF). These have been the subject of excit-
ing new developments in the fi eld of hypoxia. 
They are discussed in Chap.   1     and also by [ 21 ] so 
will not be reviewed here; except to mention that 
it now seems that HIF-2 alpha rather than HIF-1 
alpha is the important isoform for upregulating 
the EPO gene. It is the predominant isoform in the 
interstitial cells [ 21 ] of the kidney [ 22 ]. EPO lev-
els reached a peak on about the second or third 
day at altitude and then, even if the subject 
remains at that altitude, fall away in 5–10 days to 
levels only marginally above control (Fig. 10 [ 1 ]). 
However, the RCM continues to rise for 3–6 
months (Fig. 6, [ 1 ]). This well-known, but unex-
pected, situation I have called the EPO paradox. 

 In an earlier review [ 1 ], Grover suggests that ini-
tially EPO production (increased due to hypoxia) 
exceeds consumption and the serum level rises but 
that after 3 days consumption has increased to 
exceed production and hence levels in the blood 
fall. However, there is no evidence for this mecha-
nism. There is no direct way of measuring produc-
tion or consumption of EPO. However, Tan et al. 
[ 23 ] measured EPO mRNA, in kidney and liver, in 
rats made hypoxic for up to 30 h. They also mea-
sured serum EPO. Figure  10.2  shows their results. 
It will be seen that EPO mRNA levels closely fol-
lowed serum EPO concentration.

   If mRNA can be taken as an index of EPO 
production, then the fall in serum EPO, with con-
tinued hypoxia, is accompanied by a fall in 
production. 

 If we discard the idea of continued high pro-
duction and consumption of EPO, we are left 
with two questions:
    1.    What is the mechanism that lowers production 

(and hence serum levels) of EPO in the face of 
continued tissue hypoxia?   

   2.    What is the mechanism of continued red cell 
production, erythrocytosis, in the face of near- 
normal (sea level) EPO levels?      

    Reduction in EPO Levels at Altitude 

 With residence at altitude for more than a few days, 
there is a rapid reduction in serum levels of EPO 

  Fig. 10.2    Time course of response of EPO to hypoxia 
(7.5 % O) in rats. ( a ) Serum EPO from start of hypoxia. 
( b ) EPO mRNA levels from renal ( solid line ) and hepatic 
( dotted line ). Similar time courses suggest that serum 
EPO concentration is dependent upon production, as 
indexed by mRNA levels (From Tan et al. [ 23 ] with 
permission)       
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and probably of production. With acclimatisation 
there is some reduction in the hypoxic stimulus, 
due to a small rise in PO 2  due to hyperventilation 
as respiratory acclimatisation takes place (see 
Chap.   3    ). There is also a rise in haematocrit due, 
initially, to a reduction in plasma  volume and 
later to a rise in RCM. However, at the time of 
most rapid fall in serum EPO, at 3–7 days of alti-
tude exposure, the effect of any reduction in the 
hypoxic stimulus, due to these mechanisms, is 
small. For instance, a subject taken very rapidly 
to 3,600 m will, after full respiratory acclimatisa-
tion, see a fall in PCO 2  of about 7 mmHg and a 
similar rise in PO 2  from values on arrival. This 
reduction in hypoxic stress is equivalent to a 
reduction in altitude of about 500–3,100 m, an 
altitude that would still result in a strong rise in 
serum EPO. The effect of a small rise in haema-
tocrit from say, 44–48 % at most, over this time 
(3–7 days at altitude), would increase blood oxy-
gen capacity by 10 % but oxygen delivery to tis-
sues of less than this, since cardiac output would 
fall and fl ow to the kidneys would also reduce, so 
the effect again would be very small. Clearly, the 
regulation of the reduction in EPO is not a simple 
negative feedback with tissue hypoxia as the 
sensed stimulus. 

 In seeking for an explanation of the reduction in 
EPO after only 2–3 days at altitude, it seems likely 
that the mechanisms and feedback loops, which 
impinge on HIF production, are responsible. There 
are a number of possibilities, though which is likely 
to be of major importance is not clear, and it is also 
likely, in this rapidly changing fi eld, that more will 
be discovered. Since the mechanism by which 
hypoxia induces the production and release of EPO 
via HIF is very complex, there are a variety of pos-
sible feedback mechanisms, positive as well as 
negative. Pugh et al. [ 21 ] discusses some seven 
possible mechanisms that could modulate the HIF 
response to hypoxia. These include:
    1.    HIF itself induces an antisense HIF transcript 

from the HIF-1-alpha gene, which in turn lim-
its the amount of active HIF-1alpha mRNA. 
This does not seem to apply to HIF-2-alpha.   

   2.    Hypoxia induces small non-protein-coding 
microRNAs, such as miR210, that negatively 
regulate expression of a variety of genes.   

   3.    HIF also induces CITED2 (previously known 
as p35srj), and this protein competes with HIF 
for binding to p300/CBP thus inhibiting HIF 
transactivation.   

   4.    PHD2 and 3, which hydroxylate HIF, thereby 
marking it for destruction, are themselves 
transcriptional targets for HIF and thus 
increase in HIF brings about its own degrada-
tion and will blunt the hypoxic response.   

   5.    HIF is also inhibited by an enzyme called 
 factor inhibiting HIF (FIH) which has a num-
ber of other substrates, including ankyrin pro-
teins. These substrates compete with HIF for 
FIH, so changes in the abundance of these 
other substrates will affect HIF activity.   

   6.    Hypoxia has complex effects on reactive oxy-
gen species, the availability of iron and also 
the balance between Fe 2+  and Fe 3+  and the bal-
ance of oxoglutarate and succinate, all of 
which can affect the activity of the enzymes 
that normally inactivate HIF.   

   7.    HIF-3-alpha may also modulate HIF activity. 
This isoform does not activate gene expres-
sion but can compete with HIF-1 and HIF-2- 
alpha, limiting formation of active 
transcriptional complexes.    
  This is a greatly simplifi ed summary of some 

mechanisms, which may explain the downregula-
tion of EPO in the situation of continuing 
hypoxia. For a fuller discussion and references to 
the original work on which it is based, see [ 21 ].  

    Continued Erythrocytosis 
with Near-Normal EPO Levels 

 Is there an alternative to the hypothesis suggested 
in an earlier review [ 1 ] that there is continued 
high EPO production and consumption which 
maintains erythrocytosis? 

 It is thought that, normally, the population of 
erythrocyte progenitor cells in the bone marrow 
is kept in check by programmed cell death, apop-
tosis. EPO acts by promoting their viability by 
repressing apoptosis [ 24 ]. This allows these pro-
genitor cells to multiply. Once increased, this 
population causes an increase in the rate of red 
cell production. Perhaps it only requires a level of 
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EPO marginally above control values to maintain 
this enlarged population and hence support con-
tinued erythropoiesis. 

 Recent studies in mice [ 25 ] have suggested 
that there may be other mechanisms by which 
hypoxia causes erythrocytosis than via EPO. 
They found that hypoxia induced a change in the 
fate of haemopoietic stem cells towards an 
increase in megakaryocyte/erythroid progenitor, 
rather than granulocyte/monocyte progenitor 
cells. They found upregulation of the erythroid- 
specifi c GATA-1, the transcription factor for the 
EPO receptor. They also found that the superna-
tant from bone marrow cell cultures of hypoxic 
mice (but not the addition of EPO) could induce 
erythroid-priority differentiation and expansion 
of the haemopoietic stem cells. They suggested 
that this mechanism was activated by direct oxy-
gen sensing via HIF-1α. They also found raised 
levels of IL3 and IL6, which, they suggest, may 
add to the effect of increasing differentiation 
towards erythroid progenitors. All these effects 
would increase the production of red cells.  

    Descent After Altitude Sojourn 

 When the prevailing hypoxia is relieved by 
descent to sea level, EPO levels drop rapidly. 
This reduction to below normal sea-level values 
may result in a rapid reduction of progenitor cell 
population by apoptosis. Neocytolysis is also 
triggered, resulting in an even more rapid reduc-
tion in RCM.  

    Hepcidin, Iron and Altitude 
Erythrocytosis 

 Hepcidin is a hormone produced by the liver. It has 
the effect of inhibiting the absorption of iron by 
gut enterocytes and is involved in the release of 
iron stored in macrophages. It is therefore  important 
in maintaining iron homeostasis, itself important in 
the erythrocytosis response to hypoxia. 

 Robach et al. [ 26 ] studied the effect of low- 
dose EPO treatment in subjects at sea level. They 
showed that urinary hepcidin levels were reduced 

by the second day of treatment (the fi rst time 
point studied). This fi nding confi rms in humans, 
previous animal studies to which they refer. They 
also found, surprisingly, that muscle iron stores 
were not depleted despite the uptake of iron by 
the bone marrow for erythrocytosis. 

 Piperno et al. [ 27 ] recently found that altitude 
hypoxia inhibited the release of hepcidin in 47 
human subjects. Serum levels were decreased 
within 40 h of reaching an altitude 3,400 m and at 
5,400 m were reduced by 80 %. There was a strong 
correlation between ferritin and hepcidin levels at 
each stage of the study. Talbot et al. [ 28 ] studied 24 
male subjects taken to 4,300 m with and without 
prior iron loading. They found, without iron load-
ing, a rapid reduction in hepcidin levels which was 
complete by the second day at altitude, before 
change was seen in any index of iron availability. 
Prior iron loading delayed the fall in hepcidin until 
after the transferrin saturation, but not ferritin con-
centration, had normalised. 

 It has been known for some time, from animal 
studies, that iron absorption is increased by 
hypoxia before iron stores are reduced [ 29 ,  30 ]. 
This recent work begins to provide some expla-
nation of this phenomenon. It seems likely that 
the rapid effect of hypoxia on iron traffi c is medi-
ated either by EPO itself or via some other gene 
product induced by HIF.  

    High-Altitude Resident Populations 

    Haemoglobin Concentration Levels 
 In an earlier review [ 1 ], as summarised in the 
introduction, Grover pointed out the difference 
between Andean and Tibetan high-altitude resi-
dents. The Andean (and USA) high-altitude pop-
ulations have higher [Hb] than Tibetans at any 
given altitude. Recently Beall and her colleagues 
[ 31 ] studied Ethiopian high-altitude populations 
and found that they seemed to have a response to 
altitude hypoxia intermediate to that of Andean 
and Tibetan high-altitude residents. This is illus-
trated in Fig.  10.3a, b , drawn from their paper.

   Considering [Hb], Fig.  10.3a  shows the cumu-
lative percentage [Hb] for the four populations 
(males), American at sea level, Ethiopian at 
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3,530 m, Tibetan and Andean at 4,000 m. Clearly 
the Andean has signifi cantly higher [Hb] than the 
other two high-altitude populations, which have 
[Hb] values similar to those of a sea-level popu-
lation. But, of course, the Ethiopian subjects 
were at a rather lower altitude than the Andean 
and Tibetan subjects. Acclimatised lowlanders’ 
[Hb] would fall close to the Andean line. 

 Figure  10.3b  shows the cumulative percentage 
lines for arterial oxygen saturation (SpO 2 ) for the 
same populations. This shows three distinct 
responses to living at altitude by different high- 
altitude populations. Andeans show a moderate 
reduction in SpO 2  and Tibetan signifi cantly lower 
values than Andean, whilst Ethiopians (at 3,530 m) 
show no desaturation compared with sea-level 
subjects. The mechanism, by which this latter 

 population achieves a higher SpO 2  than other 
high-altitude populations, is unknown. It could 
result from higher ventilation, higher diffusing 
capacity or Hb with higher oxygen affi nity.  

    Recent Genetic Studies 
 Beall et al. [ 32 ], using a genome-wide approach, 
compared Tibetans with Han Chinese and found 
eight single nucleotides polymorphisms (SNPs), 
out of 500,000 examined, to be signifi cantly over 
represented in the Tibetans. All eight were on 
chromosome 2 close to the EPAS1 gene, which 
codes for HIF2α. This change in EPAS1 gene 
results in a reduced erythrocytic response and 
probably explains lower Hb levels and the 
reduced risk of CMS in Tibetans. There may well 
be other benefi ts conferred by this gene change to 
residence at high altitude. 

 Simonson et al. [ 33 ] reported a large, collab-
orative study between the Universities of Utah in 
Salt Lake City and Quinhai in Xining in Western 
China. They also compared Tibetans with Han 
Chinese but also with Japanese subjects. They 
chose to study candidate genes likely to be 
involved with adaptations to high altitude. These 
included genes whose products were involved 
with oxygen delivery, including the HIF pathway, 
and with nitric oxide metabolism. Genome-wide 
scans were carried out. They identifi ed the genes 
EGLN1, PPARA and EPAS1 as being signifi -
cantly associated with decreased haemoglobin 
phenotype. 

 Yi et al. [ 34 ] was a collaborative study with 
over 70 authors from the USA, China, Tibet and 
Denmark. They used yet another approach. They 
examined 50 exomes in three populations, com-
paring Tibetans from two villages at about 
4,300 m with Han Chinese and Danes, from low 
altitude. Thirty-four of the fi fty exomes studied 
were related to “response to hypoxia”. The stron-
gest signal of natural selection came from the 
EPAS1 gene.    In this paper the authors also calcu-
lated the likely time since the two populations, 
Han and Tibetans, diverged and report that a 
 bes-tfi t model gave a result of only 2,750 years!, 
which, if true, would represent an even faster rate 
of frequency change than even the lactase persis-
tence allele in northern European subjects. 

  Fig. 10.3    Cumulative haemoglobin concentration ( a ) 
and oxygen saturation ( b ) in four populations. US sub-
jects at sea level ( dotted line ), Ethiopian high-altitude 
residents at 3,530 m ( solid line ), Tibetan ( dot dash line ) 
and Andean ( dashed line ) high-altitude residents at 
4,000 m (Composite from Beall et al. [ 31 ] Figs.  10.1  and 
 10.3 , with permission)       
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However, archaeological evidence suggests much 
older settlements of the Tibetan plateau. 

 Three other studies using a variety of methods 
also found that the EPAS1 gene was overrepre-
sented in high-altitude Tibetan populations 
(Bigham et al. [ 35 ], Peng et al. [ 36 ] and Xu et al. 
[ 37 ]). Bigham et al. [ 35 ] also found the EGLN1 
gene to be selected in Andean as well as Tibetan 
populations. These studies did found no evidence 
that the HIF-1-A (the gene coding for HIF-1-α) 
was involved in altitude adaptation in high- 
altitude populations. 

 That these papers, published within a few 
months of each other, using quite different meth-
ods of approach, all fi nd the EPAS1 gene to be 
importantly different in Tibetans compared with 
lowland populations is quite astonishing. No 
doubt other genes are also involved in adaptation 
to altitude, and it seems that different altitude 
populations have adapted in different ways. Also 
it is clear that we can expect more exciting results 
from further genetic studies in these and other 
populations. 

 For further discussion of this topic, the inter-
ested reader should also read Chap.   19    , Human 
Evolution at High Altitude, in this book.   

    Summary and Questions Still 
to Be Addressed 

 In the last 10 years, the effect of intermittent 
hypoxia on erythrocytosis has been studied, usu-
ally in projects whose primary aim has been ath-
letic performance. Many studies found no effect, 
because the level of hypoxia was probably of 
insuffi cient intensity and duration and did not 
result in increased RCM and [Hb]. In order to 
increase RCM, the equivalent altitude must be 
above 2,100 m, and the duration of hypoxia must 
be above 14 h a day for at least 12 days. 

 An increase in [Hb] and RCM improves per-
formance at sea level and at altitudes up to about 
4,000 m. Above this altitude an increase in these 
indices does not result in improvement in aerobic 
performance, though further work is desirable to 
confi rm the result of the few studies that have 
addressed this. 

 Neocytolysis, triggered by a reduction in EPO 
levels to below normal values, is an important 
mechanism for rapidly reducing the number of 
red blood cells on descent after a period at high 
altitude. Thus, the performance-enhancing effect 
of altitude training for sea-level athletic events is 
limited. 

 The reduction in EPO levels after the fi rst few 
days at altitude is discussed, and possible mecha-
nisms underlying this via HIF regulation were 
suggested. The way EPO causes continued eryth-
rocytosis at altitude after levels have fallen to val-
ues only marginally above normal is discussed 
and a mechanism is proposed. The evidence for 
non-EPO erythrocytosis comes only from ani-
mals so far. Studies in humans will not be easy 
but clearly are needed. There are obviously many 
questions to be answered in both these areas. 

 The hepcidin response to hypoxia has recently 
been shown, and its importance in the economy 
of iron and hence in the erythrocytic response to 
altitude is obvious. Iron levels are also important 
in the HVR (Chap.   3    ) and hypoxic pulmonary 
vasoconstriction (Chap.   5    ). Clearly there are 
many unanswered questions regarding control 
and signifi cance of iron levels. 

 Recent work on the responses of different 
populations of high-altitude residents to altitude 
hypoxia seems to imply the evolution of different 
solutions to the same altitude hypoxia. In the last 
3 years, there have been an exciting fl ush of 
papers on genetic adaptation, especially of 
Tibetan high-altitude populations, pinpointing 
variations in the EPAS1, EGLN1 and probably 
other genes involved with oxygen sensing. Again 
these fi ndings open many questions for molecu-
lar and genetic studies to answer.   

    Blood Coagulation and Fibrinolysis 

    Acute Exposure 

    Platelets 
 In an earlier review [ 1 ], it was concluded that 
gradual ascent to altitudes of 4,500 m had no sig-
nifi cant effect on platelet count, on most assays 
and markers of platelet activity in vitro or in vivo, 
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whereas rapid decompression and/or more severe 
hypoxia and advanced high-altitude pulmonary 
oedema may enhance platelet activation or 
aggregation. 

 Contrary to these previous studies, more recent 
work found platelet count to be decreased and 
p-selectin, a nonspecifi c marker of platelet secre-
tion, increased after rapid ascent to 4,559 m [ 38 ]. 
Enhanced ex vivo platelet aggregation suggested 
increased platelet consumption whilst in vivo 
thrombin formation was unchanged. The fi ndings 
were not different between those with and without 
AMS or HAPE. Increased monocyte- platelet 
aggregates were found after 8 h at a simulated alti-
tude of 2,400 m, but beta-thromboglobulin (BTG), 
a highly specifi c marker of platelet secretion, was 
decreased [ 39 ], whilst p-selectin was unchanged in 
this and another study after 3 h in normobaric 
hypoxia with an FIO 2  of 0.12 [ 40 ]. Prolonged 
exposure over several days to 1–2 weeks was con-
sistently associated with increased platelet counts 
attributable to increased thrombopoietin [ 41 ] and 
possibly also EPO [ 42 ] plasma levels. Exposure 
of soldiers at 4,100–4,500 m leads, however, to a 
decrease of platelet count and platelet aggregation 
after 3 and 13 month by 13–31 % and 24–75 %, 
respectively [ 43 ]. 

 In summary, platelet count and activity during 
the fi rst few days of exposure to hypoxia are 
inconsistent between studies whereas platelet 
count with prolonged stay increases over 2 weeks 
and is decreased after 3–13 months. Discrepancies 
could be due to diurnal variation of platelet count 
and time of sampling, techniques of counting, 
confounding effects of exercise or differences 
between in vivo and in vitro activity.  

    Coagulation 
 An earlier review [ 1 ] concluded: data obtained in 
chamber and fi eld studies indicate that blood 
coagulation after more or less gradual exposure 
(over 1 to several days) to high altitude is not 
altered at rest. Sudden exposure in a hypobaric 
chamber leads to a minor increase in factor 
VIII:C and a shortening of activated partial 
thromboplastin time (aPTT), which, however, do 
not give rise to increased thrombin or fi brin for-
mation. The question as to whether exercise at 

high altitude can cause greater thrombin or fi brin 
generation has not been explored suffi ciently. 
Enhanced coagulation or impaired fi brinolysis 
does not accompany the development of AMS or 
HAPE, whilst advanced HAPE gives rise to 
increased fi brin formation. 

 Because of an association of venous thrombo-
embolism with long-haul fl ights [ 44 ,  45 ], much 
interest was given to the infl uence of moderate 
hypoxia, corresponding to the cabin pressure of 
2,400 m, on coagulation. A placebo-controlled 
study simulating air cabin conditions in a hypo-
baric chamber [ 39 ] confi rmed that prothrombotic 
alterations resulting in increased thrombin for-
mation do not occur with this degree of hypo-
baric hypoxia. This is not surprising in view of 
earlier studies at 4,559 m cited in the fi rst edition 
and of three more recent investigations that were 
all negative regarding markers of in vivo throm-
bin or fi brin formation [ 38 ,  40 ,  46 ]. Two uncon-
trolled studies, both using indwelling lines for 
blood sampling, reported increased in vivo 
thrombin formation during an 8 h exposure to a 
simulated altitude of 2,400 m [ 47 ] and after an 
8 min exposure to normobaric hypoxia resulting 
in an SaO 2  of 80–85 % [ 48 ]. It is very likely that 
the observed activation of coagulation was caused 
by the indwelling lines [ 49 ]. 

 These data demonstrate that activation of 
coagulation by hypoxia is not a contributing fac-
tor in thromboembolism associated with long- 
haul fl ights. However, the combination of factor 
V Leiden, which by itself increases the life time 
risk for venous thrombosis two-fold, with oral 
contraceptives may enhance thrombin and fi brin 
formation already at an altitude of 2,400 m, 
whilst oral contraceptives or factor V Leiden 
alone have no effect [ 50 ]. Based on this fi nding, 
it is conceivable that an interaction of hypoxia 
with risk factors of thrombosis also applies to 
other pre-thrombotic states, particularly at higher 
altitudes. There are no studies which have inves-
tigated these questions. However, several case 
reports of venous thromboses in individuals with 
protein C or S defi ciency and anti-phospholipid 
syndrome have been reported [ 51 – 53 ]. Although 
exercise can enhance thrombin and fi brin forma-
tion [ 54 ], there is no interaction with hypoxia. 
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Two studies demonstrate that acute normobaric 
hypoxia (FIO 2  0.12) does not enhance exercise- 
induced activation of blood coagulation [ 55 ,  56 ]. 

 Comprehensive studies of blood coagulation 
above 4,500 m are still lacking. The previously 
reported increase of  d -dimer at 6,452 m [ 57 ] 
was confi rmed during ascending Muztagh Ata 
between 5,533 and 6,865 m [ 58 ]. This study also 
showed indirect evidence of a minor activation of 
blood coagulation by assessing coagulation 
times, APC-resistance and activity of von 
Willebrand factor without the possibility to dis-
tinguish between the effects of exercise and 
hypoxia. Activation of blood coagulation 
obtained in a large group of 61 subjects hospital-
ised at 3,600 m with HAPE [ 59 ] confi rmed previ-
ous fi ndings in advanced HAPE [ 60 ,  61 ]. The 
severity of HAPE also correlated with changes in 
haemostasis as had been reported previously in a 
small sample [ 62 ].  

    Fibrinolysis 
 The previous conclusion that acute exposure to 
an altitude of 4,500 m or an FIO 2  of 0.12 has no 
effect on fi brinolysis is supported by further stud-
ies performed after 3–8 h of exposure in hypo-
baric hypoxia of 2,400 m [ 39 ] and normobaric 
hypoxia corresponding to 3,600 m [ 40 ]. 
Furthermore, exercise-induced activation of fi bri-
nolysis is not altered in hypoxia (FIO 2  0.12) [ 56 ] 
and was enhanced in subjects hospitalised with 
HAPE [ 59 ].   

    Chronic Exposure 

 A prospective cohort study at 3,500 m followed 
38 soldiers over 8 months and showed an increase 
of haemoglobin, platelet count, BTG, fi brinogen 
and plasminogen activator inhibitor (PAI)-1 
whilst  d -Dimer did not change [ 63 ]. Compatible 
with this activation of platelets, a further study 
calculated a 12-fold increase in the prevalence of 
stroke in soldiers stationed above 3,000 m (aver-
age altitude 4,000 m) vs. low altitude, which was 
not specifi ed [ 64 ]. 

 Furthermore, cases of portal system thrombo-
sis in soldiers at low altitude were associated in 

73 % with a pre-thrombotic condition vs. 19 % in 
26 cases occurring in soldiers living between 
4,200 and 6,500 m [ 65 ]. These data suggest that 
Indian soldiers stationed above 4,200 m over 
 several months have an increased risk of 
 thromboembolism in the arterial and venous 
 system. A role for inherited thrombophilia was, 
however, not systematically excluded in this 
study. The results contrast with a reduced preva-
lence of thromboembolic disease associated with 
atherosclerosis in the native Andean population 
as discussed in an earlier review [ 1 ]. This differ-
ence may in part be explained by the role of life-
style and possibly genetics on the risk factors for 
cardiovascular disease. Polymorphisms of the 
β-fi brinogen gene that are associated with lower 
plasma levels of fi brinogen were found in the 
Peruvian Quechua [ 66 ].  

    Mechanisms of Activation 
of Coagulation 

 It is well established that plasma concentration of 
the coagulation factor VIII (FVIII) is elevated at 
altitudes above 4,000 m and that it most likely 
accounts for the shortening of the aPTT. It also 
accounts for an enhanced ex vivo thrombin gen-
eration (TG), a test that may indicate a hyperco-
agulable state [ 67 ]. FVIII-dependent TG is 
enhanced in pronounced hypoxia (FIO 2  0.12) but 
not at more moderate levels (FIO 2  0.15 and 0.18), 
and it is abolished after oral intake of vitamin E 
which suggests that oxygen radicals mediate this 
response [ 68 ]. Considering that thrombin and 
fi brin generation do not occur with acute expo-
sure to this degree of hypoxia, the clinical signifi -
cance of this fi nding is not clear. 

 Activation of coagulation with fi brin forma-
tion in the lungs has been demonstrated in mice 
exposed to an FIO 2  of 0.06 (corresponding to 
9,400 m) [ 68 ] or in mountaineers with HAPE and 
an arterial PO 2  of 20 mmHg or SaO 2  below 50 % 
[ 69 ]. Cultures of smooth muscle cells and hepa-
toma cells kept in severe hypoxia (FIO of 0.01–
0.03) produce more tissue factor and PAI-1. 
Expression of PAI-1 returns to normal already at 
an FIO 2  of 0.035. It is mediated by the transcription 
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factor HIF-1α [ 70 ], and the transcription factor 
early growth response gene (EGR-1) induces 
both PAI-1 and tissue factor. Thus, activation of 
coagulation by tissue factor and inhibition of 
fi brinolysis by PAI-1 may contribute to fi brin for-
mation and deposition in very hypoxic tissue as it 
occurs in severe, advanced HAPE [ 69 ]. The 
increased incidence of thromboembolism in peo-
ple living between 4,200 and 6,000 m is also 
compatible with this hypothesis [ 65 ]. It has been 
suggested, based on indirect evidence, that a 
hypoxia-induced pro-infl ammatory upregulation 
of coagulation plays a major role of clotting dur-
ing air travel with thrombophilia [ 71 ]. If true, 
such a mechanism might enhance blood coagula-
tion in healthy individuals at extreme altitudes.  

    Summary and Recommendations 
for Further Research 

 Since most research has focused on the role of 
hypoxia for thromboembolism with long-haul 
fl ights and since it is very diffi cult for method-
ological reasons to address the open questions 
listed in the last edition, the suggestions for fur-
ther studies remain the same:
    1.    Proper studies using markers of in vivo throm-

bin formation and in vivo fi brinolysis at alti-
tudes above 5,000–6,000 m   

   2.    Identifying individuals who are at greater risk 
for thromboembolism at high altitude, which 
means investigating the interaction of the vari-
ous states of thrombophilia with hypoxia   

   3.    Epidemiologic studies on the risk of thrombo-
embolism in newcomers and in high-altitude 
populations   

   4.    Blood coagulation and fi brinolysis in CMS          
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    Abstract   

 Hypoxia can directly affect the kidneys, but more importantly, its effects 
on systemic acid-base balance, ventilation, neuroendocrine refl exes, and 
hemodynamics all play a far greater part in altering renal function and 
fl uid balance. Acute and chronic effects of hypoxia and their magnitude may 
differ and these will be highlighted. These changes will be related to the 
common diseases of high altitude and to their impact on patients with 
chronic renal disease. Other features of high altitude separate from hypoxia, 
either alone or in combination, including hypobaria, exercise, and cold may 
also signifi cantly perturb renal function.     
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 11      Renal Function and Fluid 
Homeostasis 

           Erik     R.     Swenson      and     Niels     V.     Olsen    

     Introduction 

 Hypoxia directly affects the kidneys, but, impor-
tantly, has effects on acid–base status, ventilation, 
neuroendocrine refl exes, and hemodynamics that 
also contribute to fl uid balance. Exercise also can 
signifi cantly alter renal function. Acute and 
chronic responses to mild and moderate hypoxia 
will be contrasted to those developing with more 
severe hypoxia, which are associated with acute 
high-altitude illness and in those with chronic 
renal disease (Chaps.   20    –  23    ).  

    Effects of Hypoxia on Salt, Water, 
and Acid–Base Balance 

    Renal Function 

    Urinary Output 
 A dose–response relationship is found in 
humans with urine output and sodium excretion 
in acute hypoxia (Fig.  11.1 ); diuresis and natri-
uresis with mild hypoxia reaching a maximum 
between F I O 2  of 0.12–0.14. Below 0.08–0.10 
antidiuresis and sodium retention ensue. 
Variability between studies relates to differ-
ences in “ascent” rate, duration of hypoxia, 
barometric pressure (i.e., normobaric vs. hypo-
baric hypoxia), exercise, water and salt intake, 
fi tness, hypoxic ventilatory responsiveness 
(HVR), arterial hypertension, and acute moun-
tain sickness (AMS).
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   The diuresis is characterized by increased 
sodium, potassium, and bicarbonate excretion, 
increased urinary pH and a fall in ammonium and 
titratable acid [ 1 ]. Total volume and solute output 
rise in parallel so urinary osmolality is not greatly 
altered [ 2 ]. These responses occur within the fi rst 
hour and persist for 1–2 days. Diuresis and natri-
uresis occur with subsequent new and greater 
hypoxic challenges [ 3 ]. Antidiuresis, particularly 
associated with ADH release, causes the expected 
urinary concentration. Subjects with borderline 
hypertension have considerably less hypoxic 
natriuresis and more AMS with simulated mod-
erate altitude [ 4 ]. 

 With chronic hypoxia, urinary composition 
and output revert to that dictated by dietary 
intake and extrarenal losses [ 1 ,  5 ]. In general, 
adaptation to chronic hypoxia results in persis-
tence of the original net negative fluid balance, 
but with severe hypoxia and maladaptation 
fluid retention may persist (Chap.   20    ).  

    Renal Hemodynamics 
 Glomerular fi ltration rate (GFR) and renal blood 
fl ow (RBF) determine the amounts of water and 
solute entering the nephron. With systemic 
hypoxia of mild-moderate intensity (Fi o  2  ~0.09–

0.14) and short duration (hours), GFR changes 
minimally [ 6 – 9 ]. At >4,400 m there is a 0–10 % 
increase in GFR for several days [ 10 – 12 ] after 
which GFR may fall by about 20 % [ 12 ,  13 ]. 
GFR can fall almost 50 % at 24 h in AMS [ 14 ], 
but if AMS develops at very high altitude after 
some period of acclimatization, there is a slight 
rise in GFR that correlates modestly with AMS 
severity [ 13 ]. RBF rises slightly (8–20 %) with 
acute hypoxia in well-acclimatizing humans [ 6 , 
 9 ], but is not sustained after several days [ 10 ,  11 ]. 
RBF and renal plasma fl ow (RPF) may fall as 
much as 20–30 % with longer term residence at 
high altitude [ 15 ]. 

 In polycythemic high-altitude Andean natives 
RBF is only marginally reduced, but RPF is 
depressed by 30–40 % due to lower fractional 
plasma content. Despite a reduction in RPF, GFR 
is maintained and fi ltration fraction (GFR/RPF) 
rises proportionally to the RPF drop; renal O 2  
delivery, a–v O 2  content gradients, and renal O 2  
consumption are equal to sea level residents [ 16 ]. 
However, with greater hypoxia, RBF ultimately 
falls by about 30 % in healthy subjects newly 
residing at 6,000 m [ 17 ] and by roughly the same 
magnitude in chronic mountain sickness [ 18 ]. 

 In conclusion, moderate hypoxia reduces 
renal vascular resistance and causes GFR and 
RBF to rise slightly or remain unchanged. The 
mechanism of direct hypoxic renal vasodilation 
is not established, but like many systemic vascu-
lar beds it may involve local release of adenosine, 
nitric oxide, and prostaglandins [ 19 – 21 ]. Hypoxia 
evoked neuroendocrine infl uences may attenuate 
direct hypoxic vasodilation. In addition, hypo-
capnia may limit vasoconstrictor input via the 
renal sympathetic nerves [ 22 ]. In contrast, it is 
well established if the systemic response to 
hypoxia causes hypotension, GFR and RBF fall 
with attendant antidiuresis and antinatriuresis.  

    Tubular Function 
 With its high blood fl ow and low overall O 2  extrac-
tion (renal Sv O  2  is 80–90 %), the kidney is con-
ventionally thought to be hypoxia resistant [ 16 ]. 
Yet, this picture neglects complexities of the renal 
vasculature and tubular geometry, metabolism and 
function that generate a marked heterogeneity of 

  Fig. 11.1    Summary of 32 high-altitude and normobaric 
hypoxic studies in humans in which sodium excretion was 
measured between 1 and 24 h of indicated inspired O 2 . 
Sodium excretion with hypoxia is given as the percent 
change above or below the preceding normoxic baseline 
period (From ref [ 206 ])       
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local PO 2  within the cortex and medulla [ 19 ,  23 , 
 24 ]. The cortex and outer medulla are richly per-
fused to accommodate a high GFR and active salt 
reabsorption by the proximal tubule. Owing to a 
preglomerular O 2  diffusion [ 25 ] shunt from pre-
glomerular arteries to adjacent veins, PO 2 S in the 
cortex can vary between 20 and 50 mmHg [ 26 ]. 
The series arrangement of glomerular perfusion 
and cortical tubular blood fl ow means that a reduc-
tion of RBF generally reduces GFR, which 
decreases the dominant metabolic work of salt 
reabsorption and limits the fall in renal tissue PO 2 . 
In contrast, reduced renal O 2  delivery by anemia or 
arterial hypoxemia has much less effect on GFR, 
and thus local PO 2  falls in the vicinity of the peri-
tubular erythropoietin (EPO)-producing cells. 
This unique perfusion to metabolism (i.e., 
fi ltration- tubular reclamation) relation makes the 
kidney ideal for EPO release in response to anemia 
or hypoxemia but appropriately and largely unre-
sponsive to changes in its own blood fl ow [ 27 ]. 

 The medulla, by contrast, receives only about 
10 % of RBF, and yet the medullary thick ascending 
limbs of the loop of Henle accomplish about one 
third of the salt and water reabsorption [ 28 ]. Its 
relative hypoperfusion is a result of the counter-
current arrangement of the medullary vasculature 
necessary for urinary concentration and dilution 
[ 29 ] and leaves this region surprisingly hypoxic 
(PO 2  8–10 mmHg) due to both lower blood fl ow 
and an oxygen diffusion shunt [ 30 – 32 ] 
(Fig.  11.2 ). These PO 2  values are close to those in 
vitro that cause biochemical dysfunction and 
anatomical derangement [ 33 ]. In vitro and in vivo 
there is stimulation of a variety of oxygen con-
serving and protective responses that are hypoxia 
inducible factor (HIF) dependent [ 34 – 36 ] and 
linked to AMP-activated protein kinase (AMPK), 
a ubiquitous metabolic sensor that phosphory-
lates a myriad of proteins to reduce and shift 
metabolic activity away from O 2  dependence [ 37 ] 
and toward greater non-aerobic glycolytic metab-
olism. Hypoxic up-regulation of several endoge-
nous gasotransmitters; nitric oxide (NO) 
generation by neuronal and endothelial NO 
 synthases, carbon monoxide (CO) by heme- 
oxygenase, hydrogen sulfi de (H 2 S) by cystathionine 
gamma lysase, cystathionine beta synthetase, and 

cysteine aminotransfersase [ 37 ], as well as pros-
taglandin E 2  (PGE 2 ) by cyclo-oxygenase, all 
afford hypoxia tolerance. With chronic hypoxia, 
rats (15 days at 5,500 m) there is also marked up- 
regulation of antioxidant enzymes, superoxide 
dismutase, and catalase with corresponding 
decreases in the oxidant generating enzymes, 
xanthine oxidase, and NAPDH oxidase [ 38 ]. The 
myriad of protective responses that mediate vaso-
dilation, reduce sodium reabsorption and alter the 
antioxidant/oxidant ratio confer to healthy kid-
neys a remarkable resistance to acute and chronic 
arterial hypoxemia.

   Although there is no evidence that the diuresis 
and natriuresis of mild to moderate hypoxia 
arises from ion pump dysfunction due to ATP 
depletion, hypoxia causes a down-regulation in 
vivo of several membrane Na + -transporting pro-
teins in the kidney [ 39 ]. This may be in part 
mediated by AMPK that decreases O 2  consump-
tion by down-regulation and withdrawal of a 
number of membrane ion transporters [ 37 ] as 
well as by activation of the HIF pathways [ 40 ] 
that depress transporter gene expression. In the 
hypoxic kidney this can be considered a protec-
tive response to reduce O 2  consumption in the 
face of decreasing availability. In fact most means 
of inducing natriuresis and diuresis is oxygen 
sparing [ 31 ,  41 ,  42 ]. In studies of urinary output 
with global renal oxygenation assessment, natri-
uresis and diuresis with hypoxia occur before 
there is measurable reduction in total oxygen 
consumption, RBF, O 2  delivery, and GFR. 
Indeed, antinatriuresis and antidiuresis develop 
only when there is severe arterial hypoxemia 
(SaO 2  < 50 %) or reductions in systemic blood 
pressure, RBF, and GFR [ 43 ]. High-altitude 
natives have no defi cits in tubular functions [ 44 , 
 45 ]. When GFR falls with more extreme hypox-
emia, O 2  consumption falls with the decreased 
reabsorptive work with reduced fi ltration. 

 Taken together tubular function studies dem-
onstrate a dominating infl uence of RBF, sys-
temic hemodynamics, and hormonal effects 
rather than arterial PO 2  in affecting tubular 
function at high altitude. It appears that acute 
arterial hypoxemia, which is not associated with 
reductions in RBF, is remarkably well tolerated 
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and does not lead to signifi cant renal function 
impairment despite the signifi cant intrarenal 
PO 2  heterogeneity prevailing at sea level, which 
predictably like normobaric hypoxia [ 32 ] should 
worsen at high altitude.   

    Total Body Water and Volume 
Distribution 

 With hypoxia adaptation there is a 2–3 L loss of 
total body water in humans over several days [ 46 ] 
equally shared by plasma, extracellular, and 

intracellular spaces [ 46 ,  47 ]. The loss is a result 
of decreased intake, but also of increased respi-
ratory, cutaneous, and renal losses [ 2 ]. Upon 
return to normoxia or lower altitudes, the water 
loss is quickly corrected [ 48 ]. In chronic hypoxia, 
hypohydration persists [ 49 ]. The magnitude of 
hypohydration is greatest in high-altitude popu-
lations, in whom total body water was only 43 % 
of total body mass compared to 53 % in sea level 
residents, possibly related to a relative insensitiv-
ity to ADH [ 12 ] and diminished expression and 
membrane targeting of aquaporin 2 in the col-
lecting ducts.  

  Fig. 11.2    Histograms showing oxygen distributions in 
the cortex ( a ) and outer medulla ( b ) of the rat kidney for 
four different FiO 2 . A stepwise reduction in inspired 

oxygen fraction resulted in a decline in the average micr-
vascular PO 2  (µPO 2 ) and a leftward shift of the distribu-
tion (From ref [ 32 ])       
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    Electrolytes and Acid–Base Status 

 The net result at altitude in extracellular fl uid 
composition is one of little change in serum 
osmolality and sodium concentration acutely 
[ 14 ,  50 ]. However, after 2 days at 4,559 m there 
is a 5 mOsm increase in plasma osmolality con-
currently with a decrease in circulating ADH 
[ 12 ]. With very high altitude (>5,400 m), serum 
sodium and osmolality rise 5 mM and 10 mOsm, 
respectively, in the face of a normal serum ADH 
[ 51 ]. These fi ndings suggest a failure of normal 
osmoregulation and/or insensitivity of CNS 
osmoresponsive cells, which may develop as 
early as 3 days [ 52 ,  53 ]. 

 The acute hypocapnia of hypoxia leads to only 
a slight reduction of serum potassium, both from 
intracellular uptake and kaliuresis [ 54 – 56 ]. 
Plasma chloride rises and bicarbonate falls as 
expected with acute and chronic hyperventilation 
[ 55 ]. In humans, the net acid–base effect of acute 
hypoxia is a mild respiratory alkalemia with 
incomplete renal compensation [ 1 ] in a dose- 
dependent manner with a time course of 1–2 days 
[ 57 ]. In high-altitude natives, respiratory alkalo-
sis appears to be less pronounced owing to a 
combination of greater pulmonary gas exchange 
effi ciency and less obligatory hypoxic ventilatory 
response [ 58 ].   

    Mechanisms of Changes in Salt 
and Water Balance at High Altitude 

    Sites of Hypoxic Sensation 

 The sensing of hypoxia relevant to renal function 
and fl uid balance at high altitude may occur at 
several sites, including peripheral central chemo-
receptors, brain, baroreceptors, and kidneys. The 
ultimate response will be a complex summation 
of differing hypoxic sensitivities of each site and 
their neurohumoral response. 

    Peripheral Chemoreceptors 
 In addition to their dominant role in the ventila-
tory response to hypoxia, the peripheral chemo-
receptors have considerable infl uence on renal 

function and fl uid balance, particularly on sys-
temic cardiovascular regulation, renal vasculature, 
and sympathetic innervation [ 59 ,  60 ] and are the 
principal sensors initiating the diuresis and natri-
uresis of hypoxia. Peripheral chemoreceptor 
stimulation either by hypoxemia or almitrine 
increases absolute and fractional excretion of 
water and sodium [ 60 ,  61 ]. If the peripheral che-
moreceptors are denervated, the response is 
ablated and sodium and water excretion decrease 
[ 60 ]. When peripheral chemoreceptors are left 
normoxic and only the brain and kidneys are ren-
dered hypoxic, the response is one of antidiuresis 
and antinatriuresis [ 62 ]. Studies in man show a 
similar picture. Almitrine is a diuretic in nor-
moxic subjects [ 63 ] and in subjects with a tenfold 
range of HVR, there is a very strong correlation 
between a subject’s urinary sodium and water 
excretion over 6 h with 14 % O 2  breathing and 
HVR (a marker of peripheral chemosensitivity 
and afferent output to the brain and/or kidneys 
[ 64 ] (Fig.  11.3 ). The diuretic effect occurs within 
a few hours and may precede the natriuresis [ 8 ]. 
Recently an approximate surrogate of HVR (rise 
in ventilation from sea level to 5,050 m after 2 
weeks) correlated with the magnitude of diuresis 
with an acute water load [ 65 ] providing further 
evidence of a persisting infl uence of the periph-
eral chemoreceptors.

   How hypoxic or pharmacological stimulation 
of peripheral chemoreceptors stimulates diure-
sis and natriuresis and at what nephron site(s) 
these occur remain unknown. Lacking defi nitive 
tubular micropuncture studies, lithium clear-
ance studies in humans point to a more distal 
site of suppressed sodium reabsorption with 
hypoxia [ 9 ,  66 ]. These renal responses to 
hypoxia are not initiated via renal innervation 
because denervation, in fact, augments the 
diuresis or natriuresis, by elimination a counter-
vailing infl uence of peripheral chemoreceptor-
mediated increase in RSNA [ 67 ,  68 ], which may 
be more dominant in hypertensives who have 
less hypoxic natriuresis than normotensives [ 4 ]. 
The response is not dependent upon changes in 
PCO 2 , acid–base status, ventilation, and 
 intrathoracic pressure variations [ 60 ]. Peripheral 
chemoreceptor-mediated natriuresis and 

11 Renal Function and Fluid Homeostasis



222

 diuresis, however, depend upon normal circula-
tory volume and low fi ring rate of cardiovascu-
lar stretch/pressure receptors [ 69 ]. Salt intake is 
important since there is an attenuation of 
hypoxic diuresis with salt restriction and aug-
mentation with liberal intake [ 1 ,  55 ,  64 ]. The 
specifi c mechanism(s), by which peripheral 
chemoreceptors mediate increased sodium and 
water output with hypoxia points to an endoge-
nous humoral factor(s) or intra RBF redistribu-
tion, to be discussed in the following section.  

    Brain and Sympathetic Nervous System 
 Severe CNS hypoxia excites vasomotor neurons 
and sympathetic tone, independent of peripheral 
chemoreceptor input [ 70 ,  71 ], and this itself will 
decrease sodium and water excretion. However, 

the impact of mild-moderate hypoxia in the brain 
on the CNS mediation of renal vascular and tubu-
lar responses is heavily dependent and modulated 
upon peripheral chemo- and baroreceptor input 
[ 68 ,  70 ]. However, with normal peripheral input 
(i.e., normoxia at the peripheral chemoreceptors), 
equivalent hypoxia isolated to the CNS by sepa-
rate perfusion of the brain with hypoxic blood 
causes potent renal vasoconstriction, decreased 
RBF, GFR, and urinary sodium and water excre-
tion [ 62 ], suggesting intense renal sympathetic 
nerve activity [ 72 ].  

    Kidneys 
 In the kidney, hypoxia both activates AMPK [ 73 ] 
and several HIF isoforms [ 74 ]. HIF-2 alpha is 
particularly important in that it initiates erythro-
poietin (EPO) production by proximal tubular 
fi broblasts and drives the hematopoietic response 
to hypoxia, but is of uncertain relevance in the 
monitoring of hypoxia relevant to fl uid balance 
and renal function. There have been no studies 
examining whether HIF isoforms directly alter 
tubular function in hypoxia. Given the manifold 
effects of HIF systemically, the question would 
have to be studied in animals where HIF could be 
conditionally knocked out or suppressed by 
siRNA, and overexpressed solely in the kidneys. 
Although EPO has no known effects on tubular 
function [ 27 ], it is vasoconstricting in the renal 
vasculature [ 75 ]. Low doses of EPO in normal 
subjects reduce plasma concentrations of renin 
and aldosterone and decrease plasma volume 
[ 76 ]. Thus, its release into the renal interstitium 
with hypoxia could alter intrarenal hemodynam-
ics and blood fl ow distribution and secondarily 
alter renal salt and water handling. Furthermore, 
because EPO has an array of cytoprotective 
effects in hypoxia and ischemia [ 77 ], its local 
release may contribute to defense of the kidney at 
high altitude. Whether EPO-producing cells relay 
neural input to the brain or feedback on efferent 
RSNA is not known, but it is clear that renal 
nerve afferents may be important in the response 
of the kidney to other changes in cardiovascular 
and volume status [ 78 ]. Since denervation of the 
kidneys markedly augments the diuretic and 
natriuretic response to hypoxia [ 59 ,  60 ], it is 

  Fig. 11.3    Correlation between isocapnic hypoxic venti-
latory response (HVR) and increase in urinary sodium 
excretion ( a ) and urinary volume ( b ) with 6 h of hypoxia 
(O 2  = 14 %) in 16 healthy human subjects. Correlation 
coeffi cients ( R ) are given (From ref [ 64 ])       
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conceivable that afferent information from the 
kidney may diminish the fi nal response.   

    Mechanisms of Hypoxic Salt 
and Water Regulation 

   Humoral Factors 
 Numerous hormones with salt- and water- 
regulating properties have been investigated in 
hypoxia to determine whether their plasma con-
centrations correlate with the urinary responses to 
hypoxia without conclusive results. Defi nitive 
assignment of a hormone or mediator role should 
include consistent fi ndings across a number of 
studies, loss or blunting of effect with a specifi c 
antagonist, or genetic manipulation of a hormone 
and/or its receptor. No hormone has fully met 
these strict criteria. The lack of consistent fi ndings 
in the classic salt and water hormones may relate 
to not measuring tissue levels at the sites of action, 
but point also to other compounds with diuretic 
and natriuretic action as possible mediators.  

   Antidiuretic Hormone 
 Hypoxic exposure has variable effects on antidi-
uretic hormone (ADH) release and action. ADH 
is either mildly suppressed or not affected by 
mild to moderate (FiO 2   >  0.10) normobaric 
hypoxia [ 6 ,  56 ,  64 ,  79 ]. ADH release with water 
deprivation and increased osmolality is preserved 
and augmented with prolonged stay at high altitude 
[ 80 ]. Hypobaric exposure for several days also 
does not alter ADH in subjects without illness 
[ 50 ,  81 ,  82 ]. Only with severe hypoxia (FiO 2  
<  0.10) in humans (often associated with the nau-
sea of AMS) [ 50 ,  81 ] does ADH rise. 

 Although isolated peripheral chemoreceptor 
stimulation may cause ADH release [ 83 ], why 
ADH is suppressed with mild hypoxia in vivo is 
not known. It may involve baroreceptor input as 
well as cortisol release [ 84 ], or hypocapnic sup-
pression [ 50 ,  85 ]. That diuresis can occur without 
suppression of ADH, as with almitrine [ 63 ], 
implies that either other factors such as intrarenal 
osmolality changes promote water loss (washout 
of the hypertonic medullary interstitium with 
changes in medullary blood fl ow) or that hypoxia 

induces a functional state of renal ADH unrespon-
siveness. The latter is unlikely because ADH given 
to acutely hypoxic humans is antidiuretic [ 52 ].  

   Renin-Angiotensin-Aldosterone 
System 
 Data on renin activity at high altitude and with 
hypoxia are confl icting, but most fi nd no change 
or a decline [ 64 ,  86 ,  87 ]. The differences may rest 
on whether the subjects had exercised (which 
raises renin) and whether there was any fall in 
effective circulating volume and thus renal perfu-
sion pressure. Angiotensin II levels are not ele-
vated with hypoxia [ 86 ]. Although earlier work 
suggested that hypoxia suppressed serum ACE 
activity, this has not been borne out in subsequent 
studies [ 88 ,  89 ]. 

 A remarkable and common fi nding is a suppres-
sion of serum and urinary aldosterone with hypoxia 
[ 6 ,  54 ,  87 ,  89 – 91 ]. Aldosterone suppression occurs 
even with hypoxic exercise despite a rise in renin 
[ 90 – 92 ]. Stimulation    of the peripheral chemorecep-
tors does not appear responsible because renin and 
aldosterone are unaltered in normoxic rats given 
almitrine [ 93 ]. With more chronic hypoxia, aldo-
sterone levels remain normal [ 94 ] and rise only in 
those with overt illness and fl uid retention [ 17 ]. 

 Several mechanisms are responsible for 
hypoxic suppression of aldosterone, including 
direct inhibition by hypoxia of ACTH and angio-
tensin II-stimulated aldosterone secretion by adre-
nocortical cells [ 95 ], plasma potassium decreases 
[ 96 ], and possibly hypocapnia [ 97 ]. In vivo, 
hypoxia did not alter the aldosterone response to 
angiotensin II in humans [ 54 ] but did suppress the 
response to ACTH [ 98 ]. Because not all studies, 
in fact, fi nd hypoxic aldosterone suppression, one 
explanation for natriuresis without aldosterone 
suppression may be down-regulation of aldoste-
rone receptors in hypoxic cultured renal cells [ 99 ].  

   Natriuretic Peptides 
 Acute hypoxia stimulates production of many 
natriuretic peptides [ 100 ], including atrial natri-
uretic peptide (ANP) [ 98 ,  101 ], although it is not a 
uniform fi nding [ 44 ,  64 ,  102 ]. Possible factors 
involved in hypoxia-mediated ANF release include 
right atrial and ventricular stretch and a direct 
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effect of low PO 2  on atrial tissue. The natriuretic 
actions of ANP include inhibition of angiotensin 
II-mediated aldosterone synthesis [ 103 ], direct 
inhibition of tubular sodium reabsorption, 
increased GFR, and inhibition of ADH release 
[ 104 ,  105 ]. A critical ANP role in hypoxic natri-
uresis remains uncertain because ANP is elevated 
in those with positive and negative fl uid balance 
[ 102 ,  106 ]. These contradictory fi ndings suggest 
that either ANP is not an important contributor to 
sodium excretion, its natriuretic effects are coun-
tered by other aspects of the hypoxic state, or to 
ANP’s other actions, such as vasodilation and 
increased capillary permeability leading to extra-
vascular escape of plasma water and loss of cir-
culating volume [ 107 ,  108 ]. 

 Brain natriuretic peptide (BNP), synthesized 
in the cardiac atria and ventricles, has many of 
the same actions as ANP [ 109 ] and is released in 
response to local or generalized hypoxia [ 110 ]. 
Evidence for BNP release at high altitude, how-
ever, is contradictory. In a hypobaric chamber 
study of several hours that caused oxygen satura-
tions as low as 60 % this degree of hypoxemia did 
not increase BNP secretion [ 111 ]. Two studies of 
climbers ascending higher than 5050 m showed 
variable increases of up to fourfold over normal, 
but no relation to urinary sodium, urine volume 
or arterial saturation. In contrast, n-terminal 
proBNP was not elevated acutely in climbers 
ascending up to altitudes between 5,200 and 
6,300 m and decreased slightly over several days 
[ 13 ,  111 ,  112 ]. AMS scores correlated with BNP 
concentrations [ 113 – 115 ] but it appears more 
likely that elevations in BNP may be a conse-
quence of AMS once fl uid retention sets in [ 114 ]. 
These data taken together, similar to ANP, do not 
point to any important contribution of BNP to 
early renal events at high altitude. 

 Urodilatin is another natriuretic peptide with 
sequence homology to ANP and BNP that is 
 produced only in the kidney and appears to be 
much better correlated with urinary sodium 
excretion than ANP in a number of different con-
ditions [ 116 ]. Urinary urodilatin excretion is 
increased sixfold in the hypoxic isolated perfused 
kidney [ 116 ]. However, with 1 h of hypoxia in 
humans there is no increase in urinary urodilantin 

excretion [ 8 ], or after 24 h at 4,559 m [ 12 ], 
although in a hypobaric simulation of 6,000 m 
there was a slight increase [ 117 ]. On the other 
hand, after 2 days at 4,559 m urinary urodilatin 
excretion was halved [ 12 ]. These data do not 
make a good case for a role of urodilatin as a 
hypoxic natriuretic peptide.  

   Endothelin 
 The endothelins are vasoactive peptides with 
effects beyond blood pressure control and are of 
potential signifi cance in hypoxia. Acute normo-
baric and hypobaric hypoxia cause circulating 
endothelin to rise about 1.5- to 2-fold [ 118 ] and 
increase its urinary excretion [ 119 ]. Although 
endothelins are vasoconstricting, endogenous 
circulating and intrarenal levels of endothelin 
may be vasodilating in the kidney, because recep-
tor blockade increases renal vascular resistance 
and depresses sodium excretion. Furthermore, 
when endothelin-1 is infused in low doses [ 120 ] 
or rises with hypoxia there is diuresis and natri-
uresis. In these situations, endothelin blocks 
sodium reabsorption by inhibiting tubular Na + /
K + -ATPase [ 121 ] and increasing nitric oxide 
(NO) production via stimulation of NO synthase 
1 (NOS) [ 122 ]. Endothelin also inhibits ADH 
action in the collecting duct to promote water 
excretion [ 119 ,  123 ], and renin secretion [ 124 ]. 
Small elevations in renal endothelin synthesis 
with hypoxia may promote a redistribution of 
blood fl ow to the medulla [ 125 ] and help to 
explain hypoxic diuresis and the tolerance of the 
poorly perfused medulla to arterial hypoxemia. 
Favoring this hypothesis, a mixed endothelin-1 
receptor antagonist at 4,559 m blunted the nor-
mal increase in free water clearance and led to 
fl uid retention despite a reduction in pulmonary 
artery pressure [ 126 ].  

   Cortisol and Other Steroid Hormones 
 Acute hypoxia in humans causes a 2- to 3-fold 
increase in circulating ACTH and cortisol within 
1–2 h, with loss of the normal diurnal variation 
suggesting a stress response [ 53 ,  127 ], although 
elevated cortisol is not always observed espe-
cially in normobaric hypoxic studies [ 88 ]. In ani-
mals, cortisol and ACTH rise with hypoxia [ 85 , 
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 93 ], which requires intact carotid sinus innervation 
[ 128 ]. The peripheral chemoreceptors appear to 
be responsible, since cortisol and ACTH rise 
in normoxic rats given almitrine and the response 
is absent with carotid body denervation [ 93 ]. 
With more chronic hypoxia, there is a return to 
normal concentrations [ 44 ] except in subjects 
remaining above 6,000 m, who develop chronic 
mountain sickness [ 17 ]. Elevations in cortisol 
may be partly responsible for increased free 
water clearance at high altitude, independent of 
its ability to suppress ADH secretion [ 129 ] and 
for the lack of antidiuresis in some cases of ADH 
elevation [ 56 ]. Interesting in this regard is 
increased glucocorticoid receptor expression in 
hypoxic rat renal cortical epithelial cells [ 99 ]. 

 Other adrenal-like steroids have been impli-
cated because diuresis and natriuresis are attenu-
ated with adrenalectomy despite cortisol 
replacement [ 130 ]. Endogenous cardiac glyco-
sides, which have Na + /K + -ATPase-inhibiting 
effects are secreted by the adrenal glands and 
hypothalamus in response to hypoxia, raise blood 
pressure and promote natriuresis [ 131 ,  132 ]. 
These attributes make them attractive candidates 
in the peripheral chemoreceptor-mediated natri-
uretic response to hypoxia since there are afferent 
projections from the peripheral chemoreceptors 
to both these sites [ 133 ]. In hypoxemic patients 
with COPD, a plasma digoxin-like substance was 
elevated and correlated with urinary sodium 
excretion [ 134 ]. While it was found to be elevated 
in healthy trekking subjects [ 135 ], this was not 
found in normobaric hypoxic subjects undergo-
ing diuresis and natriuresis [ 64 ]. As yet, no inhib-
itors have been tested in hypoxia to better assess 
their role.  

   Circulating Catecholamines 
 Although chronic hypoxic activation of the sym-
pathetic nervous system leads to a raised circulat-
ing norepinephrine concentration, it is not 
elevated with acute hypoxic exposure [ 136 ,  137 ]. 
Muscle sympathetic nerve activity is increased. 
These fi ndings suggest either heterogeneity of 
response in the sympathetic nervous system, or 
increased clearance of catecholamines and 
decreased synthesis by oxygen-dependent tyro-

sine hydroxylase. Epinephrine, in contrast, only 
transiently increases with acute hypoxia but 
returns to normal or below normal levels with 
chronic hypoxia [ 138 ]. Elevated circulating cate-
cholamines as well as increased RSNA in hypoxia 
would be antidiuretic and antinatriuretic by renal 
vasoconstriction and direct stimulation of renal 
tubular sodium and water reabsorption [ 139 ]. 
The changes in the autonomic nervous system 
with hypoxia and high altitude are the subject of 
Chap.   8    .  

   Other Natriuretic Factors 
 All of the established classic salt- and water- 
regulating hormones known to cause or be asso-
ciated with edema such as ANP, BNP, renin, 
aldosterone, vasopressin, and angiotensin have 
been reported to be increased by hypoxia in 
those with salt and water retention. However, no 
single hormone or set of hormone changes pre-
dictive of natriuresis and diuresis have been con-
sistently associated with hypoxic diuresis and 
natriuresis [ 60 ,  64 ]. This raises the possibility 
that other substances with natriuretic effect will 
prove more important. 

 Adrenomedullin is synthesized by many organs 
including adrenal medulla, kidney, lung, brain, 
and heart and is a potent natriuretic vasodilator 
[ 140 ]. Its plasma and renal tissue concentrations 
are elevated in acute hypoxia [ 140 ,  141 ]. 
Adrenomedullin suppresses angiotensin 
II-mediated aldosterone production [ 142 ], provid-
ing another possible control element in the phe-
nomenon of aldosterone reduction. Three studies 
at high altitude (above 4,500 m) have reported on 
adrenomedullin [ 143 – 145 ]. With passive airlift 
plasma adrenomedullin concentrations did not 
change [ 145 ], but in climbers that ascended by 
foot, there was a doubling in concentrations. In a 
study of longer duration at higher altitude, plasma 
concentrations were only minimally elevated, but 
urinary adrenomedullin excretion was increased 
and showed a strong correlation with urinary 
sodium and volume output [ 143 ]. This study is 
fi rst to show a strong correlation of a natriuretic 
peptide and fl uid balance at high altitude and sug-
gests the relevant concentrations may be at the tis-
sue level and not in the circulation. Further work 
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ideally coupled with possible antagonists of 
adrenomedullin will be necessary to confi rm this 
interesting observation. 

 Nitric oxide (NO) is generated by a variety of 
cells in the kidney and has multiple vascular and 
tubular actions. Its release is stimulated directly 
by polycythemia [ 146 ], arterial hypoxemia 
[ 137 ], and local renal hypoxia [ 147 ] as well as 
secondarily to changes in renal vascular hemo-
dynamics [ 148 ], neural tone [ 149 ], or other hor-
mones [ 150 ]. Although reduction of NO 
production by NOS inhibition causes renal vaso-
constriction, NOS inhibitors do not cause further 
renal vasoconstriction in hypoxia over that 
observed with hypoxia alone [ 151 ]. NO is vaso-
dilatory [ 152 ], reduces renal mitochondrial O 2  
consumption and increases O 2  utilization effi -
ciency [ 153 ], blocks sodium reabsorption at 
multiple nephron sites [ 154 ,  155 ], and reduces 
renin secretion [ 156 ]. Another source of renal 
NO in hypoxia is nitrite (concentrated over 
30-fold in urine) which is reduced to NO by vari-
ous heme-containing proteins, such as deoxyhe-
moglobin, xanthine oxidoreductase, aldehyde 
dehydrogenase, and even NOS in hypoxic and 
acidic conditions [ 157 ]. Any of these effects may 
play an important role in hypoxic renal function 
and preserving renal function in the face of 
decreased O 2  supply. 

 Reactive oxygen species (ROS), such as 
superoxide, hydroxyl radical, peroxynitrite, and 
hydrogen peroxide are generated under hypoxic 
conditions and may play an important function as 
mediators of hypoxic signaling on gene tran-
scription, membrane functions, and enzyme 
activity, although in excess they can be injurious. 
In the kidney, various forms of ROS have been 
shown to reduce tubular ion transport and 
increase medullary perfusion, but this compli-
cated area is in its infancy and dissecting the 
physiological and pathophysiological roles of 
renal ROS will be critical but very diffi cult [ 158 ]. 

 Local production in hypoxia of carbon mon-
oxide and hydrogen sulfi de in the kidney, espe-
cially in the medulla, may alter fl uid and sodium 
reabsorption. CO, similar to NO, is a stimulator 
of soluble guanyl cyclase, and so acts by increas-
ing cGMP. While some studies show CO pro-

motes sodium excretion both by direct tubular 
effects and renovasodilation [ 159 ,  160 ], not all 
work is confi rmatory    [ 161 – 163 ]. While there are 
no direct studies of H 2 S on tubular sodium reab-
sorption, H 2 S activates AMPK, which in turn 
down-regulates Na + /K +  ATPase, ENaC, and the 
NaCl cotransporter; thus it should be natriuretic 
on this basis in addition to its known vasodilating 
action [ 161 – 163 ]. A recent fi nding in mice 
breathing 10 % O 2  that H 2 S inhibits HIF-1 activa-
tion [ 164 ] adds further complexity to any role of 
H 2 S in renal hypoxia. 

 Medullipin, a not fully characterized lipid 
moiety, is secreted by renomedullary cells and 
has natriuretic activity [ 165 ]. It may counter 
 rennin–angiotensin–aldosterone system (RAAS) 
actions and be integral in the pressure-natriuresis 
response discussed below [ 28 ]. If hypoxic natri-
uresis is a pressure-natriuresis-like response, 
then acute hypoxic exposure should raise plasma 
and urinary medullipin levels, but this has not 
been tested. The synthesis of another lipid in the 
kidney, prostaglandin, PGE 2 , rises with mild- 
moderate hypoxia; causing natriuresis by medul-
lary vasodilation and reduction in O 2  consumption 
[ 42 ,  166 ]. Other natriuretic hormones and pep-
tides exist but have not been tested in hypoxic 
states. Given that no defi nite hormonal 
mediator(s) of hypoxic diuresis and natriuresis 
has been identifi ed following the dictates listed 
earlier, the search should continue.  

   Systemic and Intrarenal 
Hemodynamics 
 When hypoxia reduces RBF, with or without 
systemic hypotension, there is almost invariably 
sodium and water retention [ 17 ,  18 ], in part due 
to the fall in GFR. When RBF is maintained and 
systemic blood pressure rises, increased sodium 
and water excretion might be explained in part by 
a pressure natriuresis and diuresis that arise from 
the lack of renal medullary blood autoregulation 
[ 167 ]. As medullary blood fl ow increases with 
increasing blood pressure, there is a steep 
pressure- natriuresis relationship (~15 % increase 
in sodium excretion per mmHg rise in renal perfu-
sion pressure). The basis for this response is a ris-
ing interstitial pressure [ 168 ] that suppresses 
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sodium reabsorption at multiple sites by decreasing 
the hydrostatic pressure differences across the 
tubule. Furthermore, medullary solute washout 
from increased blood fl ow reduces osmotic and 
electrochemical gradients favoring luminal 
sodium and water exit [ 169 ]. Whether pressure 
natriuresis and diuresis play a role at high altitude 
has not been studied adequately, but in humans, 
diuresis and natriuresis occur [ 55 ,  56 ,  64 ,  116 ] 
most of whom who do not become hypertensive. 
Hypoxia appears to lead to a selective increase in 
medullary blood fl ow without changing systemic 
blood pressure [ 170 ], as is seen with low-dose 
endothelin infusion [ 125 ]. Thus an extreme sensi-
tivity of the medullary pressure-natriuresis 
response could account for hypoxic natriuresis 
and diuresis. This does not appear to be mediated 
by the peripheral chemoreceptors because almitrine 
does not increase medullary blood fl ow [ 171 ].  

   Renal Innervation 
 The response of the autonomic system to hypoxia 
is that of generalized sympathetic and parasym-
pathetic activation. The implications for the kid-
ney are increased RSNA which when unopposed 
acts as antidiuretic and antinatriuretic infl uences. 
The antidiuretic and antinatriuretic infl uence of 
peripheral chemoreceptor-mediated RSNA is 
revealed by the 30–50 % greater diuresis and 
natriuresis observed in animals whose kidneys 
are denervated [ 172 ,  173 ]. Although there is 
recent evidence that renal sympathetic nerves 
release neuropeptide Y [ 174 ] and renal nerves 
can generate NO [ 175 ,  176 ], both of which are 
natriuretic when given exogenously, it appears 
that the catecholamine effects of sympathetic 
nerve stimulation are dominant. 

 Although the kidney is not thought to have any 
important non-sympathetic innervation, there is 
some biochemical and pharmacological evidence 
for opposing renal cholinergic innervation in the 
dog [ 159 ,  177 ], analogous to the hypoxic stimula-
tion of parasympathetic activity to the heart [ 68 ]. 
However, an important parasympathetic- mediated 
diuresis and natriuresis would not be compatible 
with the greater hypoxic salt and water excretion 
following renal denervation, and the diuresis and 
natriuresis with acetylcholine infusion [ 159 ] could 

also be explained by generation of intrarenal NO, 
which is both vasodilatory and natriuretic.   

    Cardiopulmonary Innervation 

 The ventilatory response to hypoxia includes 
increased tidal volume and intrathoracic pressure 
swings, which alone stimulate intrathoracic stretch 
receptors in the venous, atrial, pulmonary vascula-
ture [ 178 ,  179 ], and lung parenchyma [ 180 ]. In 
humans, voluntary normoxic isocapnic hyperventi-
lation at rest (>30 L/min) causes diuresis and 
natriuresis [ 181 ]. However, hypoxic hyperventila-
tion in normal resting subjects does not usually 
exceed 10–15 L/min at least above 10 % O 2  [ 64 ], 
and diuresis and natriuresis occur in animals with 
fi xed ventilation [ 60 ]. Furthermore, lung denerva-
tion in spontaneously breathing rabbits did not sig-
nifi cantly alter increased RSNA with inspired 
hypoxia [ 182 ], suggesting that stretch receptors do 
not attenuate RSNA in hypoxia. 

 The hemodynamic response to hypoxia 
includes an increase in cardiac output, pulmonary 
artery pressure, and increased venous return. 
These processes shift blood volume into the cen-
tral circulation and stimulate intrathoracic low 
pressure baroreceptors, which increase urine out-
put [ 183 ] and dampen RSNA with hypoxia [ 159 , 
 183 ]. However, data on intrathoracic volume and 
pressure changes in the vena cavae and atria are 
not in agreement, and in many cases no eleva-
tions in central venous pressures or blood volume 
with acute hypoxia are found [ 82 ,  183 ,  184 ]. 
Cervical vagotomy studies would be useful to 
assess the role that these intrathoracic barorecep-
tors play in hypoxic diuresis [ 185 ]. 

   Hypocapnia 
 Hypocapnia depresses proximal tubular bicarbon-
ate reabsorption [ 186 ], with bicarbonaturia and 
water, Na + , and K +  losses [ 55 ]. Bicarbonate excre-
tion does not appear essential because natriuresis 
occurs with hypoxia in mechanically ventilated 
animals whose ventilation and PaCO 2  are fi xed 
[ 60 ]. In spontaneously breathing humans, there is a 
very weak correlation between sodium and bicar-
bonate excretion with acute hypoxia [ 64 ], and 
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hypoxic natriuresis exceeds bicarbonate output 
2–5 fold [ 1 ,  55 ]. Hypoxic natriuresis in man is not 
simply a hypocapnic natriuresis, because hypocap-
nic normoxia and hypoxia, but not isocapnic 
hypoxia, reduce proximal tubular fl uid reabsorp-
tion, while the natriuretic response remains [ 9 ]. 

 Hypocapnia may also alter the renal response 
to hypoxia indirectly by blunting sympathetic 
responses in the CNS [ 70 ,  187 ] and peripheral 
chemoreceptors [ 68 ]. A decrease in RSNA [ 70 ] 
may partly explain higher RBF in hypoxic sponta-
neously breathing (hypocapnic) rats than in those 
given CO 2  to prevent hypocapnia [ 22 ]. Hypocapnia 
may also alter the balance of salt- and water-regu-
lating hormones and blunt renal sodium avidity, 
since hypercapnia activates the renin-angiotensin-
aldosterone axis and RSNA [ 188 ,  189 ]. These 
fi ndings could explain the adverse effects on AMS 
symptoms and prevention of negative fl uid bal-
ance of preventing or failing to achieve a degree of 
hypocapnia when hypoxic [ 190 ,  191 ]. These stud-
ies reveal a complex interaction of CO 2  and O 2  on 
peripheral and central chemoreceptors on ventila-
tion [ 192 ], hemodynamics (250), and renal hor-
mones, but in general it appears that hypocapnia 
has moderating effects on those neurohumoral fac-
tors promoting salt and water retention in hypoxia.  

   Hypobaria 
 Lower barometric pressure itself does not greatly 
alter renal function and fl uid balance unlike nor-
mobaric and hypobaric hypoxia [ 3 ,  56 ,  72 ]. In 
humans [ 2 ] there is an antidiuresis with rapid 
decompression from 630 to 430 mmHg but not 
with equivalent normobaric hypoxia. Breathing 
100 % oxygen before decompression results in 
no antidiuresis, suggesting an element of decom-
pression stress. 

 Chronic normoxic hypobaria (Pb = 258 mmHg) 
was associated with greater sodium and water 
retention, less weight loss and a 40 % fall in GFR 
with sodium restriction of sodium than with 
hyperoxic (PiO 2  = 258 mmHg) equivalent hypo-
baria [ 193 ]. A smaller fall in GFR was found in a 
56-day sojourn at 258 mmHg (PiO 2  = 175 mmHg), 
suggesting that, analogous to the acute studies, 
there may be some mitigating effect of hyperoxia 
on the renal responses to hypobaria [ 194 ]. 

 Hypobaria appears to possibly enhance a 
sodium- and water-retaining infl uence of 
hypoxia. One explanation for differences 
between hypobaric and normobaric hypoxia is 
the resulting PiO 2  and PaO 2  are less in hypo-
baric hypoxia than equivalent normobaric 
hypoxia due to a deleterious effect of hypobaria 
on pulmonary capillary permeability and gas 
exchange effi ciency [ 195 ] and an increase in 
dead space ventilation [ 196 ]. Another possibil-
ity is greater activation of the sympathetic 
 nervous system in hypobaric hypoxia vs. nor-
mobaric hypoxia [ 53 ,  136 ]. Lastly, the elusive 
question remains of whether possible nitrogen 
bubble formation with decompression may alter 
intrinsic renal function [ 197 ].  

   Exercise 
 Exercise has profound effects on systemic and 
renal hemodynamics, and renal humoral media-
tors. Acute normoxic exercise [ 198 ] reduces RBF 
in proportion to exercise intensity, although GFR 
falls only by 25 % with maximal exercise. 
Urinary water and sodium outputs decrease even 
in the absence of changes in GFR, ANP, and 
insensitivity to ADH. The antidiuretic and antin-
atriuretic states persist for 30–60 min following 
exertion. With normoxic exercise ANP, aldoste-
rone, renin, serum potassium, catecholamines, 
and ACTH all rise [ 199 ]. ADH increases with 
short-term heavy exercise but rises less in well- 
trained individuals doing low level sustained 
work [ 200 ]. Exercise also increases RSNA in 
proportion to exercise intensity [ 201 ], and renal 
hemodynamic effects and urine output changes 
are blunted by renal denervation and loss of 
RSNA [ 198 ]. 

 Exercise in hypoxia produces qualitatively 
many of the same neurohumoral responses as 
normoxic exercise [ 87 ]. There is a mild suppres-
sion of the normal aldosterone increase [ 90 ,  91 ]. 
Some of these same features are exhibited by 
exercising subjects at 4,350 m after 2–5 days of 
adaptation [ 11 ,  202 ,  203 ]. The differences 
between these studies and those performed with 
acute hypoxic exposures suggest that 2–5 days 
of acclimatization may blunt certain humoral 
responses to exercise considered to promote 
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fl uid retention and acute illnesses of high 
altitude [ 90 ,  91 ]. 

 Less vigorous but sustained exercise affects 
fl uid balance whether done at low (1,100 m) or 
high (3,600–4,400 m) altitudes [ 94 ,  204 ,  205 ]. 
Subjects maintaining a fi xed salt intake while 
climbing exhibited marked sodium and water 
retention. Calculations of body fl uid compartment 
changes show an expansion of the extracellular 
and plasma volumes at the expense of intracellu-
lar space. Associated with these changes were 
sustained elevations in aldosterone, plasma renin, 
and ANP, but not ADH. Thus, exercise promotes 
salt and water avidity and frank retention if the 
stimulus is maintained. The additional effect of 
hypoxia on exercise appears small because very 
little differences in salt and water retention 
between normoxic and hypoxic climbing.    

    Hypoxia and Renal Disease 

 The stress of renal and systemic hypoxia at high 
altitude in this chapter has focused on the nor-
mal healthy kidney. It is well established that 
early in course of renal disease, many areas of 
the kidney become hypoxic and the main 
defense mechanisms against hypoxia become 
impaired [ 206 ,  207 ]. A recent fi nding that ACE 
inhibition improves renal cortical and medullary 
oxygen content in health humans [ 208 ] needs to 
be tested formally in those with renal disease at 
high altitude, many of whom particularly with 
proteinuria may already be on these drugs. 
These considerations would suggest that patients 
with chronic kidney injury might have more 
rapid decline in renal function living at higher 
altitudes [ 206 ,  209 ] simply as a result of a reduc-
tion in blood oxygen content or driving gradi-
ent for O 2  diffusion. The only study to examine 
the question [ 210 ] drew the opposite conclusion 
from population- based data in the Canary 
Islands in fi nding a protective effect of higher 
altitude residence. However, the results showing 
an inverse relationship between altitude of resi-
dence and kidney disease was weighted largely 
on data for those living below 400 m, at which 
there is little evidence for any pathophysiologi-

cal effect of such mild reductions in inspired 
PO 2  [ 211 ]. In fact the 10 % of the population 
residing above this altitude (500–3,300 m) had a 
higher incidence of end-stage renal disease 
prevalence. This important topic and the risks 
for patients with renal disease are discussed 
more fully in Chap.   23    .  

    Conclusions 

 Negative fl uid balance at high altitude refl ects the 
dominance of peripheral chemoreceptor stimula-
tion overriding the fl uid retaining consequences 
of cerebral hypoxia and hypoxic systemic vasodi-
lation and hypotension. Without this opposition, 
especially when hypobaria and exercise are 
involved, there is intense activation of the sympa-
thetic nervous system and RSNA as well as 
increased ADH, aldosterone, and ANP. The com-
plexity of the picture is further increased by the 
possibility of other non-peripheral chemoreceptor- 
mediated mechanisms of natriuresis, such as 
direct hypoxic down-regulation of renal tubular 
membrane Na transport proteins. 

 The several ways in which peripheral chemore-
ceptor afferent activity may oppose hypoxic fl uid 
retention are shown in Fig.  11.3  and include venti-
latory stimulation, possible natriuretic substance(s) 
release, and suffi cient (but not excessive) sympa-
thetic nervous system activation to counteract the 
vasodilating effect of hypoxia. Increased ventila-
tion minimizes arterial hypoxemia and generates a 
respiratory alkalosis, which promotes sodium 
excretion with the renal loss of bicarbonate and 
limits RSNA, as does hyperpnea via stimulation of 
intrathoracic stretch receptors. 

 A strong argument can be made that diuresis 
and negative sodium balance may be preemptive 
responses to limit the edema associated with 
high-altitude illness, but whether there exists a 
causal link of AMS with fl uid retention has not 
been convincingly established (see Chap.   20    ). 
Subjects ill at high altitude have relative hypoven-
tilation and a preceding interval of salt and water 
retention [ 191 ], but these results raise the ques-
tion of cause and effect. The earliest fi eld study 
[ 212 ], found fl uid retention followed rather than 
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preceded the development of AMS. In a hypobaric 
chamber study, residents of high altitude 
(1,650 m) tolerated a rapid ascent to 6,000 m bet-
ter than lowland residents despite the fact that the 
latter group had a much greater natriuresis and 
diuresis than did the highlanders [ 116 ]. 
Furthermore, it is not clear that peripheral che-
moreceptor sensitivity plays an important role in 
fl uid balance of climbers, because urine output in 
mountaineers with or without AMS and in sub-
jects airlifted to high altitude (4,559 m) did not 
correlate with the hypoxic ventilatory response 
and that fl uid retention was only evident after 
subjects became ill [ 213 ]. In subjects climbing to 
this same altitude there was fl uid retention and 
only those without AMS showed a natriuresis 
while sedentary over the next 2 days [ 214 ]. These 
studies do not rule out the possibility that internal 
fl uid balance differences may be important in the 
pathogenesis of AMS, as suggested by data in 
subjects developing AMS who appeared to differ 
from those not becoming ill in experiencing an 
increase in PV that correlates with AMS [ 215 ]. 
Additional prospective well-controlled fi eld 
studies with rigorous renal and compartmental 
fl uid balance measurements are clearly needed. 

 Fluid balance at high altitude is an integration 
of many (sometimes opposing) organ system 
responses. Future human investigation should 
explore further the peripheral chemoreceptor role 
in normobaric and hypobaric hypoxia and in 
exercise. Specifi c hormonal antagonists will be 
useful to determine the importance of a particular 
hormonal change with hypoxia. In any animal 
work, anesthesia should be avoided. Transgenic 
mice with knockout and/or overexpression of 
hormonal mediators and their receptors should be 
pursued, coupled with use of humoral antagonists 
and peripheral chemoreceptor manipulation. 
More focus on intrarenal hemodynamics, blood 
fl ow distribution and innervation, as well as mea-
surements of newer humoral mediators affecting 
salt and water transport is needed. Lastly, effects 
of hypoxia in the kidney on hormone receptors 
and ion transporters, their binding characteristics, 
and membrane localization as well as gene 
expression, will likely yield important new 

insights into renal physiology in general and 
hypoxia adaptation in particular.     
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    Abstract  

  Adaptation to a stressful environment such as altitude hypoxia will affect 
most hormonal systems. Stress hormones (cortisol, epinephrine, norepi-
nephrine, prolactin) are stimulated in acute hypoxia but adrenergic system 
is down-regulated in prolonged hypoxia. Thyroid hormone is increased in 
hypoxia, with no change in TSH. Parathromone is stimulated and parath-
romone receptors desensitized with prolonged exposure. Leptin is 
increased and ghrelin decreased with exposure to hypoxia. Growth hor-
mone is poorly affected by acute hypoxia and exercise- induced GH 
response is potentiated by acute hypoxia. LH and FSH decrease with acute 
hypoxia. The hypophyseal response to hypothalamic factors is not sub-
stantially modifi ed in altitude hypoxia. The possible role of hypoxia-
inducible factors in the regulation of hormones at high altitude remains to 
be explored.  

        J.-P.   Richalet, M.D., Ph.D.      (*) 
  Université Paris 13, Sorbonne Paris Cité ,   74 rue 
Marcel Cachin ,  93017   Bobigny ,  France   
 e-mail: richalet@univ-paris13.fr  

 12      Endocrine Function 

           Jean-Paul     Richalet    

        Introduction 

 Adaptation to a new environment needs an infor-
mation system which fi rst informs the body of 
the characteristics of the environment and second 
triggers biological responses which may be more 
or less “adaptive” to new environmental condi-
tions. The nervous system and the endocrine (or 
neuro-endocrine) system are where the percep-
tion and the adaptive processes occur. 

 The effect of acute and sustained hypoxia on 
some endocrine systems has been extensively 
studied, as for example hormones involved in 
water and electrolyte balance or the adrenergic 
system. Much less is known about others, such as 
thyroid or sex hormones. 

 Hormonal receptors are classifi ed as mem-
brane receptors (catecholamines, angiotensin, 
anti-diuretic hormone (ADH), growth hormone 
(GH), parathormone (PTH), prolactin) and intra-
cellular receptors, nuclear or cytoplasmic (corti-
sol, aldosterone, estrogens, progesterone, T3, 
T4). Little is known about the effect of hypoxia 
on nuclear receptors. However, the expression of 
these receptors can be modulated by hypoxia [ 1 ]. 
More is known about some membrane receptors, 
e.g., G-protein-mediated receptors such as 
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β-adrenoceptors, muscarinic receptors, or 
adenosinergic receptors [ 2 ]. 

 Exposure to hypoxia has been shown to pro-
duce both down- and upregulation. For example, 
release of cortisol is activated and release of aldo-
sterone is blunted by hypoxia, although these two 
hormones are secreted by adjoining zones in the 
same organ. Some endocrine or neuroendocrine 
pathways are activated in response to the hypoxic 
stressor, other pathways are blunted. A resistance 
appears to certain stimuli, limiting the effects of 
the activated pathways. Finally, an optimal adap-
tation to the stressful environment would depend 
on an adequate balance between activation and 
resistance [ 3 ]. One can speculate about a common 
pathway involving hypoxia-inducible factors 
(HIF) in the modulation (activation or inhibition) 
of the secretion of some hormones in hypoxic 
conditions. Extensive studies are in progress on 
the mechanisms of oxygen sensing at the cellular 
and molecular levels (see Chaps.   1     and   2    ).  

    Stress Hormones 

 Stress is a generic term for any circumstance that 
tends to disturb an individual or system from its 
“normal” resting equilibrium. In that sense, 
hypoxia is a stressor that induces an endocrine 
reaction from adrenal glands. Whether the physi-
ological response of these glands to hypoxia is 
specifi c or similar to the response to other stress-
ors remains to be clarifi ed. 

    Cortisol 

 Both acute and sustained altitude hypoxia stimu-
late the adrenal cortex. Plasma concentrations of 
ACTH and cortisol are increased, often tran-
siently [ 4 – 13 ]. However, not all studies report a 
change in plasma cortisol [ 14 – 18 ]. When altitude 
exposure is associated with another stress such as 
exercise, cold or danger, increase in cortisol lev-
els is more likely [ 8 ,  10 ,  19 ]. 

  Acute mountain sickness : Clinical status infl u-
ences the release of corticosteroids. In general 
cortisol increases more when the ascent is associ-

ated with AMS [ 20 ]. The rise in plasma cortisol 
may precede the onset of AMS symptoms [ 8 ]. 
The diurnal rhythm of cortisol is maintained at 
high altitude and is accompanied by a parallel 
variation in AMS score, with maximal values at 
8 a.m. [ 21 ]. After 1 week at 6,542 m plasma cor-
tisol is elevated, then decreases with subsequent 
acclimatization, further supporting an association 
with AMS [ 22 ,  23 ]. 

 ACTH is not the sole controller of cortisol 
secretion during hypoxic stress. Other factors can 
also interfere, such as adrenal blood fl ow (higher in 
spontaneous ventilation), stimulation of pulmonary 
stretch receptors (which can inhibit ACTH 
response), and low adrenal tissue PO 2  [ 24 ]. A pos-
sible relation between hypoxic ventilatory response 
(HVR) and plasma cortisol is evoked [ 25 ]. 

 Whatever the mechanism, the stimulation of 
adrenal cortex seems to be a common feature at 
high altitude. Whether it is a specifi c response to 
hypoxia or a non specifi c response to stress 
remains to be established.  

    Adrenergic System 

 Altitude hypoxia activates the adrenergic sys-
tem both at rest and during submaximal exercise 
(see also Chaps.   6    ,   8     and   16     for more details). 
With sustained exposure to hypoxia, hyperpla-
sia of the adrenal medulla occurs. Plasma or 
urine norepinephrine (NE) constantly increases 
[ 12 ,  13 ,  27 – 30 ] while epinephrine shows more 
contrasted changes, either a transient increase or 
no change [ 13 ,  30 ,  31 ]. Dopamine has also been 
shown to increase in hypoxia [ 32 ]. The eleva-
tion of plasma arterial NE concentration is prob-
ably caused by a higher whole-body NE release 
since whole-body NE clearance is unchanged. 
These changes occur despite a greater systemic 
O 2  delivery after altitude acclimatization [ 33 ]. 
Permanent inhabitants of high altitude show 
higher plasma NE levels than sea level natives 
at sea level, but similar epinephrine and dopa-
mine levels [ 34 ]. 

 A major characteristic of the adrenergic sys-
tem in response to prolonged hypoxia is the 
desensitization of β-adrenergic receptors [ 35 , 
 36 ]. A number of human and animal studies show 
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a decrease in maximal heart rate during exercise 
[ 35 – 37 ], a lower heart rate response to adrenergic 
activation (exercise or isoproterenol infusion) 
[ 38 ,  39 ], a downregulation of β-receptors [ 28 , 
 39 – 41 ] and blood cells α2-adrenoceptors recep-
tors [ 31 ], and a modulation of G proteins gene 
expression and function [ 2 ]. 

 This blunting of β-adrenergic response is bal-
anced by the upregulation of muscarinic recep-
tors, the downregulation of receptors to adenosine 
[ 42 – 44 ]. The decreased maximal heart rate in 
chronic hypoxia prevents myocardial oxygen 
need from exceeding supply and protects the 
myocardium against the risk of tissue anoxia. 
This blunting is a clear mechanism of autoregula-
tion of cardiac function and oxygen balance 
within the myocardium [ 35 ,  36 ,  45 ]. 

 Adrenergic receptors are found not only in the 
heart and blood vessels but also in many other 
organs (body fat, kidney, etc.), involved in the 
control of numerous functions and endocrine sys-
tems, e.g., control of blood glucose and substrate 
utilization, renin release by the kidney, thyroid 
hormones. Thus, activation of the adrenergic sys-
tem and subsequent receptor desensitization 
induced by hypoxia may infl uence various hor-
monal responses. During a simulated ascent to 
Mount Everest, the in vitro lipolytic response to 
epinephrine, isoproterenol, GH, and PTH 
decreased. Prolonged exposure to hypobaric 
hypoxia led to a potent reduction in lipid mobili-
zation, through a decrease in the effi ciency of 
β-adrenergic, GH and PTH lipolytic pathways 
[ 46 ] as will be discussed further in the chapter.   

    Thyroid Hormones 

 Thyroid hormones play an important role in reg-
ulating the overall rate of body metabolism and 
are critical for normal growth and development. 
Thyroid hormones increase oxygen consumption 
and heat production. They also increase oxygen 
availability by increasing ventilation and cardiac 
output as well as red blood cell mass. In that 
sense, they could play a role in long-term adapta-
tion to altitude hypoxia. 

 High altitude stimulates thyroid hormone 
release. An increase in protein-bound iodine, fi rst 
reported in 1966 [ 47 ], has been confi rmed by 
observations of increased uptake and release of 
iodine from the thyroid gland [ 48 ]. Most authors 
agree that high altitude induces an elevation in 
plasma concentration of both free and total T4 
fractions of thyroxin [ 30 ,  47 ,  49 – 57 ]. T3 also 
increases [ 30 ,  49 ,  50 ,  55 ], although to a lesser 
extent than T4. A few authors report no increase 
in T3, but rather an increase in reverse T3 (rT3) 
[ 51 ,  53 ,  58 ], perhaps because of an inhibition of 
the conversion of T4–T3 due to hypoxia, with a 
concomitant rise in rT3 concentration and an 
elevated T4:T3 ratio [ 53 ,  58 ]. Such changes are 
also seen in other stressful states and are possibly 
caused by an increased release of corticosteroids. 
Exhaustion may play some role, for depressed 
levels of thyroid hormones were observed after 
an expedition to 4,360–6,194 m under strenuous 
and diffi cult conditions [ 58 ]. Cold may also infl u-
ence thyroid hormone levels. T3, likely to be the 
most important thyroid hormone for cold habitu-
ation, decreases with cold exposure, while T4 
and TSH remain unaltered [ 59 ]. A concomitant 
elevation of basal metabolic rate and thyroid hor-
mones at high altitude suggests that these changes 
are causally related [ 57 ]. 

 Most studies show unaltered baseline TSH 
concentration at high altitude despite elevated 
levels of T3 and T4 [ 18 ,  30 ,  50 – 52 ,  54 ,  55 ]. This 
“dissociation” is remarkable as TSH is consid-
ered to be the main regulator of thyroid activity, 
and high levels of thyroid hormones either sup-
press this pituitary stimulus or refl ect the 
increased TSH concentration. 

 Several explanations for the TSH-independent 
thyroxin rise have been proposed. In men trekking 
at altitudes of 3,505–3,658 m, thyroxin binding 
globulin (TBG) was found suffi ciently elevated to 
explain the T4 rise [ 50 ,  57 ]. The T3 and T4 increase 
at high altitude is often accompanied by an 
increase in noradrenaline or epinephrine plasma 
concentrations [ 30 ,  56 ]. The thyroid gland is 
innervated by sympathetic branches and adrena-
line can stimulate thyroid hormone secretion via 
β-adrenergic receptors. The unchanged level of 
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TSH in the presence of increased levels of T4 
could refl ect an altered feedback regulation or dis-
turbed hypophyseal function. But most studies do 
not show any evidence of a hypophyseal 
 malfunction, as a completely normal TSH response 
is seen after TRH administration [ 51 ,  53 – 55 ]. 

 To compare altitude-induced neuroendocrine 
changes with or without energy imbalance and to 
explore how energy suffi ciency alters the endo-
crine acclimatization process, 26 young men 
were studied for 3 weeks at 4,300 m, with one 
group adequately fed to maintain body weight 
and the other with calories restricted. Free T4, 
TSH, and NE showed similar patterns between 
the two groups (T4 increased but TSH did not 
change), suggesting that the hypoxic stimulus is 
capable of overriding the fall in T4 induced by 
caloric restriction [ 60 ]. 

 High levels of thyroid hormones in prolonged 
and severe hypoxia suggest hyperthyroidism as a 
possible protective adaptation to this extreme 
environment [ 49 ]. Increased thyroid hormones 
release would be benefi cial in hypoxia since 
these hormones increase 2,3-diphophoglycerate 
in erythrocytes, facilitating oxygen release to the 
tissues, by shifting the oxyhemoglobin dissocia-
tion curve to the right. Moreover, hypoxia- 
induced increase in 2,3-diphophoglycerate would 
decrease the response of erythropoietin to 
hypoxia [ 61 ]. In contrast, no difference in thyroid 
response was observed between subjects suscep-
tible to AMS and resistant subjects [ 19 ,  58 ], sug-
gesting that thyroid hormones play a minor role 
in the early phase of acclimatization. However, it 
has been shown that thyroid hormones increase 
alveolar fl uid clearance through an increased Na, 
K ATPase activity [ 62 ], which could play a pro-
tective role in the development of high-altitude 
pulmonary edema. 

 In summary, plasma concentrations of thyroid 
hormones, in particular T4, increase with acute 
and sustained hypoxia. This increase is not 
accompanied by any consistent change in TSH 
level but is probably due to the increased adrener-
gic activity. In many studies done in the moun-
tains, cold exposure may have contributed to the 
stimulation of the thyroid gland.  

    Hormones of Calcium 
and Phosphate Balance 

 A complex interaction of three hormones (PTH, 
calcitonin, and vitamin D) on various tissues 
(intestine, bone, and kidney) is responsible for 
maintenance of normal concentrations of calcium 
and phosphate in body fl uids. In four men exposed 
for 6 days to 3,450 m, plasma ionized calcium 
decreased, excretion of nephrogenous cAMP 
decreased, but serum intact PTH did not change, 
suggesting an impaired renal responsiveness to 
PTH [ 63 ]. Altitude-induced respiratory alkalosis 
may interfere with calcium homeostasis since 
alkalosis has been shown to reduce ionized cal-
cium and therefore stimulate PTH secretion [ 64 ]. 

 In ten lowlanders living for 3 weeks at 
6,542 m, total serum calcium and phosphate 
were unchanged while PTH and 25-OH D3 
were elevated and 1,25-(OH) 2  D3 was 
decreased. These observations could be 
explained either by a hypoxia-induced inhibi-
tion of renal 1α-hydroxylase resulting in a ten-
dency to hypocalcemia and a secondary 
hyperparathyroidism, or by a resistance to PTH 
[ 22 ,  23 ]. The conversion of 25-OH D3 into 
1,25-(OH) 2  D3 within the kidney by the enzyme 
1α-hydroxylase might be O 2 -dependent. In 
response to this decreased production of active 
vitamin D, PTH would be released in excess, 
maintaining a normal level of plasma calcium, 
in spite of a low calcium intake. High PTH and 
low 1,25-(OH) 2  D3 levels could be due to a 
desensitization of PTH receptors. Observations 
performed at 4,350 m showing a blunted uri-
nary cyclic AMP response to PTH favor the 
resistance to PTH hypothesis [ 65 ]. 

 In summary, altitude seems to stimulate 
PTH release and inhibit active vitamin D, 
resulting in an unaltered calcium and phos-
phate balance. The desensitization of PTH 
receptors, which are G protein-coupled recep-
tors like ß-adrenoceptors, should be examined 
as a protective mechanism similar to what 
occurs within the heart or fat tissue with desen-
sitization of adrenergic system.  
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    Hormones Controlling Blood 
Glucose and Appetite 

    Glucose, Insulin, and Glucagon 

 Resting blood glucose has been reported to be 
reduced [ 18 ,  56 ], unchanged [ 66 ], or transiently 
increased [ 9 ] at high altitude. Acute (1 h) and, in a 
more marked manner, prolonged (3 weeks) expo-
sure to 4,300 m increased utilization of blood glu-
cose during exercise [ 67 ]. Altitude and 
beta-blockade augment glucose utilization during 
submaximal exercise [ 68 ]. Plasma insulin increases 
after prolonged exposure to high altitude such as in 
Operation Everest II [ 69 ] and the Sajama expedi-
tion [ 70 ], but was found unchanged after a 7-week 
expedition to Mount Everest [ 18 ]. Serum insulin 
and C-peptide were found increased in acute 
hypoxia during intense exercise by sedentary sub-
jects [ 71 ]. Tolerance to glucose decreases with 
acute hypoxia, suggesting that the decrease in 
peripheral use of glucose during hypoxic exercise 
could be an additional factor accounting for 
hypoxia-induced hyperglycemia [ 72 ]. Hypoxia-
induced activation of the adrenergic system could 
suppress insulin release [ 73 ]. This mechanism 
could facilitate hepatic glycogenolysis and increase 
blood glucose. Fasting glucagon was found 
unchanged at high altitude [ 69 ]. Glucose and insu-
lin concentrations on an oral glucose tolerance test 
were signifi cantly lowered by a 25-day mountain-
eering activity only in subjects with high 
dehydroepiandrosterone- sulfate (DHEA-S), sug-
gesting that DHEA-S is essential for physiologic 
acclimatization to mountaineering challenge [ 74 ]. 
To explore how energy suffi ciency alters the endo-
crine acclimatization process, 26 men were studied 
for 3 weeks at 4,300 m, with one group adequately 
fed to maintain body weight (ADQ) and the other 
with calories restricted (DEF). Fasting glucose and 
insulin exhibited a blunted rise in DEF compared 
with ADQ [ 60 ] (Fig.  12.1a, b ).

   In summary, no clear modifi cation of glucose 
homeostasis and related hormones was demon-
strated at high altitude, probably because condi-
tions of food intake were not controlled in most 
studies.  

    Leptin and Ghrelin 1  

 Leptin is mainly secreted by the adipose tissue 
proportionally to its mass. The most emblematic 

1   This paragraph was written in collaboration with Didier 
Chapelot. 

  Fig. 12.1    ( a ) Glucose levels. ( b ) Change in insulin lev-
els. ( c ) Total testosterone levels. For each group at sea 
level (SL) and over the 21-day intervention period. DEF, 
diet defi cient in calories, in hypoxia. Values are 
means ± SE.  P  < 0.05, signifi cant from SL baseline (*), 
signifi cant from adequately fed subjects in hypoxia (ADQ, 
‡), and signifi cant from subjects fed a hypocaloric diet in 
normoxia (HYPO, §). From ref. [ 60 ]       
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action of leptin is to reduce food intake, both by 
a central and a peripheral mechanism. Leptin 
stimulates the neuromediators of satiety and 
increases the availability and the oxidation of 
endogenous fat. The secretion of leptin also 
depends on energy substrates, mainly through 
its strong stimulation    by insulin. Leptin has 
been initially considered as a possible cause of 
altitude-induced loss of appetite. The fi rst 
results, obtained in male subjects exposed to 
4,559 m after active (climbing) or passive (heli-
copter) ascent, showed a rapid increase in leptin, 
with a magnitude proportional to the decrease in 
appetite [ 75 ]. This was confi rmed in subjects 
exposed to 3,600 and 4,550 m [ 76 ]. However, in 
similar conditions, opposite observations were 
reported with a dramatic decrease in leptin after 
exposure to 3,600 m [ 77 ] or 5,050 m [ 78 ]. It is 
important to point out that in all these studies, 
food intake decreased and the respective contri-
butions of hypoxia and food intake on leptin 
were not assessed. When intake was controlled 
in order to maintain body weight, leptin did not 
change [ 60 ], this being in favor of the pivotal 
role of energy balance on leptin secretion. 
Moreover, in this study, the decrease in fat mass 
in the group of subjects maintained in caloric 
restriction was paralleled by a decrease in leptin. 
Consistently, when subjects were maintained in 
stable energy balance, insulin rapidly increased, 
which may account for the increase in leptin 
observed at altitude. As expected, no increase in 
leptin is found when food intake is ad libitum 
[ 78 ]. The decrease in food intake inducing a 
decrease in fat mass and therefore in leptin, the 
role of leptin at high altitude is uncertain. In rats 
exposed to intermittent hypoxia for 10 days, 
leptin levels were closely related to the amount 
of fat mass achieved after the hypoxic exposure 
[ 79 ]. To date, the effect of hypoxia on leptin 
secretion is highly controversial (see debate in 
the  Journal of Applied Physiology , [ 80 ,  81 ]). 
Altogether, it seems that acute exposure to 
hypoxia (24 h) induces an increase in leptin 
release, independently of the food intake condi-
tion [ 82 ]. With acclimatization to altitude, leptin 
is higher than expected from the changes in 
body weight, although the measurement of fat 

mass is often lacking [ 18 ]. These observations 
led some authors to suggest that hypoxic expo-
sure (intermittent?) could be proposed for the 
treatment of obesity [ 83 ]. In high- altitude 
natives, leptin is found consistently lower than 
in sea level natives, with an inverse relationship 
between altitude and leptin concentration [ 84 , 
 85 ]. However, it is still not clear if a lower fat 
mass in high-altitude natives could contribute to 
this effect. Finally, the strongest argument 
against a role for leptin in altitude-induced body 
weight loss was given by a study showing that 
leptin- resistant rats reduce their food intake and 
decrease their body weight when exposed to 
hypoxia [ 86 ]. 

 Ghrelin, an endogenous GH secretagogue 
secreted by gastric cells, is a polypeptide with 
orexigenic properties. It has been considered a 
candidate for the role of meal initiation since an 
increase of its blood concentration was reported 
prior to meals taken at fi xed hours [ 87 ] or spon-
taneously requested [ 88 ]. However, this putative 
role has been challenged by results showing that 
such an increase may primarily depend on con-
ditioning processes [ 89 ]. A possible involvement 
of ghrelin in the hypoxia-induced anorexia has 
received no defi nitive experimental demonstra-
tion but after 7 days at 4,300 m, ghrelin is actu-
ally reduced [ 76 ] and these lower levels are 
found again after 7 weeks of exposure to 5,200 m 
[ 18 ]. An inhibition of ghrelin by hypoxia is sup-
ported by results in rats bred in simulated alti-
tude [ 90 ]. However, this effect may, once again, 
be mediated by insulin, which was found to be 
elevated in this animal model. Moreover, a 
strong negative correlation was reported in 
humans between ghrelin and insulin [ 88 ], an 
insulin threshold being necessary to reach for 
ghrelin to increase. Interestingly, ghrelin has 
vasodilator properties and was recently found to 
reduce the development of pulmonary arterial 
hypertension, pulmonary vascular remodeling, 
and right ventricular hypertrophy in decreasing 
overexpression of both endothelial nitric oxide 
synthase and endothelin- 1 [ 91 ]. Thus, this 
hypoxia-induced decrease in ghrelin may repre-
sent a deleterious mechanism in terms of cardio-
vascular adaptation to hypoxia.   
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    Other Hormones 

    Prolactin 

 Prolactin release is stimulated by TRH and 
inhibited by dopamine. Prolactin release 
increases in response to various stressors, 
including exercise, hyperthermia, fasting, sur-
gery. The reports on prolactin response to high 
altitude are few and inconclusive: elevated [ 92 ] 
or reduced [ 30 ,  93 ] resting levels of prolactin 
have been described. 

 Studies on acute hypoxic exposure have 
mostly been performed in male lowlanders, while 
chronic hypoxia has been more frequently stud-
ied in female high-altitude natives. Prolactin 
 concentration in women born and living at 
4,340 m, compared to that of women at sea level, 
is diminished in chronic hypoxia [ 94 ]. Increased 
fertility and decreased frequency of menstrual 
disturbances have also been observed among 
high- altitude women compared with women liv-
ing at sea level [ 94 ]. Dopamine and possibly nor-
adrenaline, inhibitors of prolactin, have been 
suggested as a cause of this alteration as dopa-
mine concentration increases at high altitude (see 
above). The exercise-induced increase in prolac-
tin is well documented [ 93 ,  95 – 97 ], though the 
mechanism is unclear. During exercise in normo-
baric hypoxia, plasma prolactin was found 
increased [ 97 ], unchanged [ 93 ] or decreased 
[ 96 ], when compared to normoxia. A blunted 
prolactin response was observed during exercise 
in normoxia with concomitant face-cooling, sug-
gesting that cold exposure may diminish the 
exercise- induced prolactine release [ 95 ]. After 7 
weeks at high altitude, a prolactin increase cou-
pled with testosterone decrease and progesterone 
increase, without any change in estradiol, proba-
bly due to chronic stressful conditions [ 18 ]. 

 Prolactin secretion is under the infl uence of 
numerous regulators that could be altered by 
hypoxia. High work intensity, blood lactate level, 
a fat-rich diet induce a prolactin increase and 
could explain the varying results at altitude. 
Whatever the mechanism that alters prolactin 
baseline levels, it seems to be overridden by 

hypothalamic infl uence since the prolactin 
response to TRH administration is not altered in 
hypoxia [ 30 ,  53 ,  54 ]. 

 In conclusion, prolactin secretion seems to be 
altered only on acute exposure as a non specifi c 
stress. In women exposed to chronic hypoxia 
prolactin level is decreased when compared to 
women at sea level.  

    Endothelin 

 The endothelium has potent actions on hemosta-
sis, vasomotor tone, and vascular permeability. 
The endothelial cell produces vasodilators, PGI2 
(with cAMP as second messenger) and nitrogen 
monoxide (NO) (with cGMP as second messen-
ger). The endothelial cell produces also vasocon-
strictor agents such as endothelin, endothelium 
derived growth factor (EDGF) and endothelium 
derived contracting factor (EDCF2). Endothelin 
increases catecholamine, renin, and ADH actions 
and modulates smooth muscle growth. Endothelin 
increases the synthesis and secretion of ANP 
[ 98 ]. Endothelin inhibits renin release from iso-
lated rat glomeruli, via a calcium entry mecha-
nism, and the isoproterenol-induced increase in 
renin release is inhibited by endothelin [ 99 ]. 

 Hypoxia increases the release of endothelin 
from rat mesenteric arteries in vivo [ 100 ], and 
induces endothelin gene expression and secretion 
in cultured human endothelium [ 101 ]. 
Endothelin-1 and endothelin receptor gene 
expression is enhanced in rat lungs exposed to 
chronic hypoxia [ 102 ]. 

 In humans, no change in endothelin response 
to maximal exercise in acute hypobaric hypoxia 
(70 min at 3,000 m) was noted when compared to 
normoxia [ 17 ]. In subjects acutely exposed to 
4,559 m, plasma endothelin increased twofold, 
correlated with pulmonary arterial pressure; nife-
dipine lowered pulmonary pressure but had no 
effect on plasma endothelin [ 103 ]. The adminis-
tration of an endothelin receptor blocker (bosen-
tan) reduced the pulmonary artery pressure in 
subjects acutely exposed to 4,559 m [ 104 ]. In 34 
subjects exposed to 4,559 m, the increase in pul-
monary artery pressure was correlated to the gain 
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in plasma endothelin from venous to arterial 
blood through the lungs; however, it was not 
determined if this gain was a cause or a conse-
quence of the increase in pulmonary pressure 
[ 105 ]. The Sajama expedition showed the fi rst 
data on plasma endothelin during exercise and 
prolonged hypoxia. Although plasma endothelin 
may not refl ect local concentrations of released 
endothelin, the observation that plasma endothe-
lin did increase with hypoxic exposure, even at 
rest, but not with severe exercise suggesting that 
shear stress is not a major stimulus for endothelin 
release at high altitude and that metabolic 
changes in the endothelial cell, induced by 
hypoxia, may play a central role [ 23 ,  104 ].  

    Growth Hormone 

 GH is synthesized and released from the hypoph-
ysis under the hypothalamic control of 
GH-releasing hormone (stimulating) and soma-
tostatin (inhibiting). GH has an important ana-
bolic action on various tissues. The pulsatile 
pattern of GH secretion complicates ascertaining 
changes in baseline levels. 

 In high-altitude residents, several studies have 
documented elevated levels of GH [ 9 ,  106 ,  107 ] 

with maintained circadian rhythm [ 9 ]. Sea level 
residents acutely exposed to high altitude did not 
show any change in the resting level of GH [ 106 , 
 107 ]. However, greatly increased values of GH 
were found in men after ten weeks of exposure to 
6,000 m, possibly due to exertion of the subjects 
and the prolonged exposure to a stressful and 
cold environment [ 10 ]. 

 During intense exercise in normoxia, GH con-
centration increases [ 108 ]. One of the mediators 
of GH action, IGF-1 (insulin-like growth factor), 
also increases during heavy exercise, though the 
increase is small, brief and shows a 
GH-independent pattern [ 109 ] (Fig.   12.2  ). The 
exercise-induced GH increase is strongly potenti-
ated in hypoxia, producing a much earlier and 
faster rise than in normoxia [ 8 ,  18 ,  97 ,  106 ,  110 ]. 
However, acute exposure to moderate altitude 
(2,325 m) blunts the GH response to submaximal 
physical exercise in untrained individuals [ 111 ]. 
It has been suggested that the infl uence of 
hypoxia on GH levels during exercise is mainly 
due to changes in relative workload, rather than 
to an effect of hypoxia per se [ 112 ].

   The GH response to hypothalamic stimulation 
(by GH-releasing hormone) was potentiated at 
2,600 m when compared to sea level [ 54 ]. It was 
found very much variable among eight men 

  Fig. 12.2    Resting plasma concentrations of GH, IGF-I, and IGFBP-3 in nine male elite climbers at sea level and after 
high-altitude chronic hypoxia exposure. Mean (±SEM) (* P  < 0.05 vs. sea level). From ref. [ 18 ]       
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exposed to 4,350 m and a blunted response to 
GHRH was found in some subjects [ 30 ]. The 
concentration of IGF-1 was elevated [ 54 ] or 
unchanged [ 30 ] at high altitude while the binding 
protein IGFBP-3 was unchanged [ 30 ,  54 ]. 
However, in subjects exposed for 3 weeks at 
6,542 m, IGF-1 was normal [ 70 ], as well as in 
marathon runners at 4,000 m [ 113 ]. 

 In summary, resting GH is poorly affected by 
acute hypoxia, whereas the exercise-induced GH 
response is potentiated by acute hypoxic expo-
sure. With sustained hypoxia and in high-altitude 
residents, GH concentration is generally 
increased. This increase could play a role in mod-
ifying the metabolism to satisfy increased needs 
at altitude.  

    Sex Hormones 

 The male sex hormones, including testosterone, 
luteinizing hormone (LH) and follicle- stimulating 
hormone (FSH), are integrated in a number of 
regulatory systems with complex feedback 
mechanisms. Hypothalamic gonadotropin releas-
ing hormone (GnRH) stimulates the hypophysis 
to secrete LH, an important stimulus for 
 testosterone production, and FSH, infl uencing 
testosterone production indirectly by sensitizing 
LH-receptors. Testosterone increases quickly and 
transiently during short-term exercise [ 11 ,  108 , 
 114 ,  115 ]; in contrast, prolonged exercise 
decreases the testosterone level [ 11 ,  108 ]. 

 Acute exposure to altitudes (from 1,650 to 
3,048 m) has been reported to augment resting 
levels of testosterone within a few days [ 7 ,  116 ], 
an effect possibly related to increased adrenal 
activity. Others have recorded a decrease in tes-
tosterone at 3,048–4,250 m [ 92 ,  117 ]. An infl u-
ence from a concomitant high prolactinemia [ 92 ], 
as well as an increased level of estradiol [ 117 ], 
could account for a decrease in testosterone. 
Consistently, chronic hypoxia does not induce 
any change in testosterone levels of adult high- 
altitude residents [ 118 ] although an earlier 
increase in testosterone and onset of puberty has 
been recorded in young high-altitude males 

[ 119 ]. In elderly high-altitude men, high levels of 
testosterone were associated with increased 
hemoglobin and more hypoxemia during sleep, 
potentially compromising adaptation to high alti-
tude [ 120 ]. Conversely, progesterone is likely to 
increase the HVR in polycythemic high-altitude 
residents [ 121 ]. However, no evidence has been 
found that progesterone might mediate the 
increased HVR during pregnancy [ 122 ]. 

 During intense anaerobic exercise the LH– 
testosterone relationship is modifi ed, i.e., testos-
terone increases without any signifi cant elevation 
of LH [ 115 ]. At high altitude on the other hand 
(without intense exercise), LH and FSH have a 
tendency to decrease [ 7 ,  92 ,  117 ,  123 ]. 
Interestingly, as with intense exercise, the LH 
change did not parallel that of testosterone, per-
haps refl ecting infl uences of other mediators such 
as catecholamines [ 92 ]. 

 After 7 weeks at high altitude a testosterone 
decrease and progesterone increase was found 
without any change in estradiol levels [ 18 ]. 
When intake was controlled in order to maintain 
body weight at 4,300 m, testosterone acutely 
increased at altitude but did not decline over 
time (3 weeks), as did the control group with 
defi cient food intake [ 60 ] (Fig.  12.1c ). When 
lowlanders acclimatized to 3,542 m trekked to 
an extreme altitude of 5,080 m, plasma testoster-
one decreased but had returned to SL values 
when measured after 6 months’ continuous stay 
at 6,300 m. Plasma LH after trekking to 5,080 m 
was higher than at an altitude of 3,542 m, but 
decreased to levels found at 3,542 m or SL after 
prolonged residence at extreme altitude. Plasma 
progesterone was increased after a 6-month stay 
at extreme altitude. Prolonged residence at lower 
as well as at extreme altitude does not apprecia-
bly alter blood levels of pituitary, gonadal, or 
adrenal hormones except for progesterone. This 
rise in progesterone may be important in increas-
ing the sensitivity of the HVR and activating the 
hemoglobin synthesis [ 124 ]. 

 The male reproductive functions of the mem-
bers of an expedition (Masherbrum, 7,821 m) 
were examined via semen analyses and endocrine 
tests. Sperm counts decreased after 1 and 3 
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months but had recovered after 2 years in all 
 subjects. An increase in abnormally shaped 
sperm was also observed after 1 month, but had 
nearly recovered to the pre-expedition state after 
3 months. Endocrine tests revealed slightly 
decreased testosterone in the blood after 1 and 3 
months. The tests were completely normal after 2 
years, suggesting that a high-altitude sojourn 
may induce reversible spermatogenic and Leydig 
cell dysfunction [ 125 ]. 

 Sex hormones in nonpregnant women were 
mainly studied in relation to their infl uence on 
the control of ventilation at high altitude. There 
is a better blood oxygenation and a lower hemo-
globin level before than after menopause in 
women long residing at altitude, and this is asso-
ciated with higher levels of progesterone in the 
luteal phase of the cycle [ 126 ]. In a comprehen-
sive study comparing in Peru ten women living 
at sea level and ten women living at 4,340 m, 
ovulation after LH peak occurred earlier at high 
altitude than at sea level [ 127 ]. Serum FSH lev-
els were higher at late luteal phase and early fol-
licular phase at high altitude than at sea level. 
During the early follicular phase serum estradiol 
levels were signifi cantly higher at high altitude 
than at sea level. At ovulation, the serum estra-
diol levels in women at sea level were 55.1 % of 
the peak, but remained at high levels (80 % of 
the peak) in women at high altitude. The second 
increase of serum estradiol occurred earlier at 
sea level than at high altitude. From days +12 to 
+15, there was a signifi cant decline in serum 
estradiol levels in women at sea level but not in 
those from high altitude. Serum progesterone 
levels at days +5, and +8 to +12 were signifi -
cantly higher at sea level than at high altitude 
[ 127 ]. Among women older than 50 years of age, 
a greater decline in serum concentrations of 
dehydroepiandrosterone (DHEA) was observed 
in those living at high altitude than in those liv-
ing at sea level, suggesting that adrenopause is 
attained earlier and is of greater magnitude at 
high altitude than at sea level [ 128 ]. The ventila-
tory response to hypoxia was recently found 
decreased in a large series of menopausal women 
compared to non- menopausal women, confi rm-
ing the probable infl uence of female sex hor-

mones. Interestingly, when menopausal women 
maintain a regular physical activity, their decline 
in ventilatory response to hypoxia at exercise is 
blunted [ 129 ]. 

 In summary, LH and FSH decrease with acute 
hypoxia, while testosterone response is variably 
described, increasing at moderate altitudes and 
decreasing at higher altitudes, while progester-
one increases. The hypophyseal axis seems dis-
turbed, as LH and testosterone show different 
patterns. However, high-altitude natives have 
normal hormone levels and the modifi cations are 
probably only transient, normalizing on chronic 
exposure. The female hormonal cycle is slightly 
modifi ed in women residing at high altitude and 
these changes may have consequences on health 
status after menopause.   

    Hormonal Response 
to Hypothalamic Factors 

 Hypothalamic factors play a major role in the 
regulation of all the hypophyseal hormones and a 
malfunction of this axis could possibly explain 
the observed altitude-induced alterations [ 30 ]. In 
a recent study, the responses of TSH, thyroid hor-
mones, prolactin, sex hormones, and GH to injec-
tion of TRH, GnFlH, and GRH were studied in 
eight men in normoxia and on acute exposure to 
an altitude of 4,350 m (Table  12.1 ). Elevated con-
centrations of thyroid hormones were found at 
high altitude, but TSH levels were unchanged in 
hypoxia both before and alter hormonal injection. 
Prolactin baseline level decreased at altitude, but 
the response after hypophyseal stimulation was 
similar in both environments. The decreasing 
tendency observed in LH and FSH concentra-
tions at altitude was not signifi cant. GH baseline 
level was unaltered, but the response after hor-
mone administration varied among subjects in 
hypoxia. Many factors have been proposed to 
modify the hormone levels in hypoxia, but most 
theories are still speculative. We conclude that 
exposure to acute hypoxia induces various 
changes in hormonal levels, but the hypophyseal 
response to hypothalamic factors does not appear 
to be blunted [ 30 ].
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       Summary and Future Directions 

 The direction of hormonal changes at rest and 
exercise in response to acute and chronic 
hypoxia of high altitude, to the extent it is 

known, is  summarized in Table  12.2 . Among 
future research challenges in studying responses 
of human hormones to high altitude is to design 
clinical outcome studies which can distinguish 
the effect of hypoxia from that of many other 
stressors altering hormone levels. Such studies 

   Table 12.1    Concentration of hormones at sea level and after 3–4 days at 
high altitude (4,350 m) in eight male sea level natives (From ref [ 30 ])   

 Sea level  4,350 m   P  

 Total T4, nmol/mL  85.1 ± 11.8  103.1 ± 18.5  <0.001 
 Free T4, pmol/L  13.9 ± 2.4  16.8 ± 3.4  <0.001 
 Total T3, nmol/L  1.72 ± 0.20  1.99 ± 0.29  0.006 
 Free T3, pmol/L  6.51 ± 0.41  7.54 ± 0.69  <0.001 
 T4/T3  49.7 ± 5.1  51.9 ± 5.1  0.04 
 TSH, mU/mL  1.51 ± 0.80  1.37 ± 0.93  ns 
 Prolactin, ng/mL  14.5 ± 7.0  7.0 ± 4.7  0.006 
 FSH, m/mL  4.15 ± 2.44  3.44 ± 1.73  0.02 
 LH, mU/mL  2.79 ± 0.94  2.33 ± 0.99  ns 
 Norepinephrine, nmol/L  2.98 ± 0.98  4.96 ± 1.13  0.005 
 Epinephrine, nmol/L  1.22 ± 0.86  1.06 ± 0.51  ns 
 Dopamine, nmol/L  1.90 ± 1.05  2.22 ± 1.02  ns 
 Cortisol, ng/mL  94.5 ± 38.9  119.5 ± 49.6  0.07 
 GH, ng/mL  1.40 ± 1.86  0.73 ± 1.05  ns 
 IGF-1, μg/L  168 ± 55  184 ± 53  ns 
 IGF-BP3, mg/L  2.17 ± 0.28  2.16 ± 0.28  ns 

   Table 12.2    Direction of hormonal changes in response to hypoxia, at rest, 
with exercise and in the case of AMS or HAPE   

 Normal 
acclimatization rest 

 Normal acclimatization 
exercise 

 AMS or 
HAPE 

 Norepinephrine                   
 Epinephrine             

 Dopamine             
 Cortisol                   
 Prostaglandins             
 T3, T4             
 Parathormone       
 Insulin             
 Glucagon       
 Leptin       
 Ghrelin       
 Prolactin       
 Endothelin             
 Growth hormone             
 Testosterone       
 LH, FSH       

  These variations may be controversial in some cases but the direction shown 
is the most frequent found in the literature  
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might better be done under simulated conditions 
rather than in the fi eld. The perspectives of fun-
damental research in the domain of endocrines 
at high altitude is clearly directed towards the 
study of receptors, gene expression in hormonal 
systems and the possible role of hypoxia-
inducible factors.
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    Abstract   

 Climbers lose weight above 5,000 m, which impairs physical performance 
and reduces safety margins. Although widely assumed to be due to energy 
imbalance, with expenditure exceeding nutritional intake, weight loss has 
been observed in mountaineers at rest at high altitude. Basal metabolic 
rate is increased and some evidence points to carbohydrate malabsorption. 
This chapter examines how the normal physiological processes of carbo-
hydrate, fat, and protein absorption change at altitudes above 5,000 m, in 
a standard format briefl y describing normal physiology, experimental 
models, and then fi eld studies at altitude. Other aspects of gut function, 
from gastric acid secretion to mucosal morphology, mesenteric blood fl ow, 
motility, liver function, and the effect of hypoxia inducible factor on gut 
function are then described before gastrointestinal diseases in short-term 
visitors and residents at high altitude are addressed.  

      Gastrointestinal Function 
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  SGLT1     Sodium-dependent glucose 
transporter 1   

  SMA    Superior mesenteric artery   
  TG    Triglyceride(s)   
  TNF    Tumor necrosis factor α      

          Introduction 

 Weight loss has long been documented at high 
altitude and this potentially impairs performance. 
A variety of potential causes have been proposed 
(Table  13.1 ), some supported by experimental 
evidence, although others remain speculative [ 1 ]. 
In order for weight and body composition to 
remain stable over a period of time, energy intake 
must equal energy expenditure. Energy intake is 
controlled by a feedback loop involving a “set- 
point” that maintains stability of total body 
energy stores. The hypothalamus is a key modu-
lator. Signals that refl ect nutritional state are 
detected by hypothalamic neurons and conse-
quently food intake and energy expenditure are 
modifi ed via endocrine, behavioral, and auto-
nomic effector mechanisms [ 2 ]. The brainstem, 
cerebral cortex, and olfactory areas are involved 
in the central control. However, environmental, 
cultural, and genetic factors also infl uence energy 
balance. Under hypobaric hypoxia several factors 
in the feedback loop are disturbed, resulting in 
weight loss.

   Some studies have demonstrated continuing 
weight loss at altitudes above 5,000 m, despite an 
energy intake that would be adequate at sea level 
and reduced energy expenditure during study at 
altitude. The possibilities of malabsorption or 
malutilization of nutrients as a cause of weight 
loss have been explored [ 3 ,  4 ]. Work on gut func-
tion at high altitude best uses currently accepted 
defi nitions (Table  13.2 ), although terms may be 
used loosely in older literature. Most evidence for 
a change in gut function has only been detectable 
above 5,000 m. Different cohorts of people will 
therefore be exposed. Residents generally live 
below 3,500 m, while trekkers generally limit 
themselves to <5,000 m, while only mountaineers 
tend to exceed 5,000 m, and are therefore exposed 
to altitude-induced changes in gut function.

   The practical importance of the topic relates to 
high altitude deterioration, where weight loss has 
the potential to alter thermoregulation, muscle 
function, and hence safety margins at extreme 
altitude. Changes in gut physiology also have the 
potential to infl uence nutritional requirements and 
choice of food for expeditions [ 6 ] (see Chap.   15    ) 
and the risk of gastrointestinal illness, such as 
diarrhea or intestinal bleeding. This chapter will 
review the effects of hypoxia on gastrointestinal 
physiology, looking individually at the absorption 
and transport of carbohydrates, protein, and fat, 
before considering the clinical effects of high alti-
tude on human gastrointestinal disease.  

    Effect of Hypoxia on Carbohydrate 
Absorption 

    Normal CHO Digestion and Absorption 

 Carbohydrates are ingested as a mixture of com-
plex carbohydrates (starch or polysaccharides) 
and simple sugars (monosaccharides such as glu-
cose, fructose, and galactose, or disaccharides 
such as sucrose and lactose). Food also contains 

   Table 13.1    Possible causes of weight loss at high 
altitude (>5,000 m)   

 Potential causes of altitude-induced weight loss 

 1. Decreased food intake, due to loss of appetite 
 2. Imbalance of energy intake and expenditure, due to 

increased basal metabolic rate and high activity 
levels that are not matched by food intake 

 3. Impaired intestinal function 
 4. Changes in endocrine parameters controlling 

homeostasis 
 5. Decrease in body water, through increased 

ventilation, decreased water intake, or altered 
metabolism 

   Table 13.2    Defi nitions of altitude for gastrointestinal 
function studies [ 5 ]   

 Defi nitions of altitude 

 • Near sea level  <500 m 
 • Intermediate altitude  500–2,000 m 
 • Moderate altitude  2,000–3,000 m 
 • High altitude  3,000–5,500 m 
 • Extreme altitude  >5,500 m 
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non-starch polysaccharides (better known as 
fi ber), which are indigestible by the human gut 
although subject to fermentation by colonic bac-
teria to release methane or hydrogen. 
Carbohydrates that are undigested or escape 
absorption in the small intestine are also utilized 
by colonic bacteria to produce short chain fatty 
acids (FAs; such as butyrate, the principal fuel for 
the colonic epithelium, acetate, and propionate), 
in a process sometimes termed “colonic carbohy-
drate salvage” [ 7 ]. 

 The normal process of digestion of carbohy-
drate starts with the hydrolysis of starch, initially 
by salivary amylase and then, principally, by pan-
creatic amylase. This converts starch to maltose, 
maltotriose, and α-dextrins, although some glu-
cose is also produced. These products of 
α-amylase digestion are further hydrolyzed into 
their component monosaccharides by enzymes 
(disaccharidases) expressed on the brush border 
of the small intestinal epithelium, the most impor-
tant of which are maltase, sucrase, isomaltase, 
and lactase. Intestinal brush border disacchari-
dases tend to be inducible. For example, a high 
sucrose intake induces intestinal sucrase activity, 
resulting in an increased rate of glucose absorp-
tion which in turn increases the secretion of insu-
lin and gastric inhibitory polypeptide, a paracrine 
hormone that infl uences gastric emptying. 
Lactase, and possibly other disaccharidases, is 
sensitive to hypoxia inducible factor (HIF, below). 
Lack of brush border disaccharidases results in an 
inability to absorb specifi c carbohydrates. Lactase 
defi ciency is common in non- Caucasian popula-
tions. After digestion of complex carbohydrates, 
monosaccharides are then absorbed across the 
intestinal epithelium [ 8 ]. 

 Carbohydrate absorption involves mediated 
transport across the gastrointestinal epithelium 
(in other words, involving a specifi c membrane 
transport protein), which may involve active 
transport, or passive, facilitated diffusion. 
Passive, unmediated diffusion is unimportant in 
terms of carbohydrate absorption. Nevertheless, 
this process provides a useful measure of intesti-
nal permeability when assessed by non- 
metabolizable carbohydrates. Only  d -glucose 
and  d -galactose are actively absorbed in the 

human small intestine. The sodium-dependent 
glucose transporter, SGLT1, is responsible for 
the active transport of glucose or galactose with 
an equimolar amount of sodium against a con-
centration gradient into the cytoplasm of the 
enterocyte, utilizing the favorable gradient estab-
lished by active extrusion of sodium by Na+/K+ 
ATPase. Glucose exits the enterocyte into the 
intracellular space by the glucose transporter 2 
(GLUT2) [ 9 ]. GLUT2 expression appears sensi-
tive to HIF (see below).  d -Fructose is not actively 
absorbed, but has a rate of diffusion greater than 
would be expected by passive diffusion. Fructose 
is taken up by facilitated transport by the glucose 
transporter 5 (GLUT5) and exits through the 
same pathway as glucose (GLUT2). 

 The molecular mechanisms are still incom-
pletely understood. Disaccharidase activity (lac-
tase, at least) is HIF-responsive, which may 
protect carbohydrate absorption at moderate alti-
tudes (below). In vitro studies on epithelial cell 
membrane transporters (specifi cally the organic 
cation transporter, OCTN2) have shown impaired 
function, upregulation of gene transcription, but 
no increase in transporter protein, in response to 
cell culture under profound hypoxia (2 % O 2 ) 
[ 10 ]. The same is likely to apply to other mem-
brane transporters, although such profound 
hypoxia is not physiologically relevant. In vivo 
studies in rats have shown that either acute or 
chronic hypoxia elicit changes in transcript abun-
dance for genes involved in carbohydrate metab-
olism and glycolysis, as well as lipid metabolism 
and protein amino acid phosphorylation [ 11 ]. 

 Any of these processes might conceivably be 
affected by hypobaric hypoxia, but only some 
have been studied in any detail. It is easier to 
investigate carbohydrate digestion and absorption 
than other macronutrients, especially in the fi eld, 
so publications are biased in their favor. This is 
because non-metabolizable sugars can be used to 
investigate carbohydrate transport, urine samples 
are readily collected (and easier to preserve than 
blood samples), and there is no need for radioiso-
topes. Studies on the effect of hypoxia on carbo-
hydrate absorption have been performed in 
patients with chronic hypoxia at sea level, in the 
fi eld at high altitude and in hypobaric chambers.  
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    CHO Absorption During Hypoxia 
at Sea Level 

 During early investigations into the effect of 
hypoxia on gut function, it was conceived that 
part of the malnutrition associated with hypoxic 
states (chronic pulmonary disease) might be 
related to malabsorption. Measuring intestinal 
functional capacity has never been part of routine 
clinical practice in the way that measurement of 
creatinine clearance has been in renal medicine. 
Nevertheless, single sugar tests of intestinal 
absorption (using xylose) were developed. In 
1972, Milledge studied patients with chronic 
hypoxia at sea level due to either chronic obstruc-
tive pulmonary disease or congenital heart dis-
ease [ 12 ]. Decreasing arterial oxygen saturations 
(below 70 %) corresponded to a linear decrease 
in xylose absorption. Hypoxia was subsequently 
relieved by corrective cardiac surgery or at least 
13 h of supplementary oxygen. All cases demon-
strated an improvement in xylose absorption. 
Hypoxia has also been shown to suppress amy-
lase production by rat parotid glands [ 13 ] and 
may conceivably have a similar effect on pancre-
atic amylase. In a study of 26 patients with 
chronic obstructive pulmonary disease (COPD) 
and oxygen saturations above 78 %, no malab-
sorption of  d -xylose was detectable [ 14 ], in con-
trast to the study in patients with an SaO 2  <70 % 
[ 12 ]. This suggests that carbohydrate absorption 
is preserved until hypoxia is severe. 

 The trouble with single sugar tests is that 
absorption of any non-metabolizable sugar is 
contingent on so many factors within and between 
individuals that there is wide variation in normal 
people. The concept of sugar absorption testing is 
simple enough (take a non- metabolizable sugar 
absorbed by the same process as glucose and mea-
sure excretion in the urine or plasma as a function 
of absorptive capacity), but the test–re- test 
 validity is low. This reduces the sensitivity. Such 
factors include variation in gastric emptying, the 
dilutional effect of intestinal secretion, mucosal 
surface area, osmolality of the test solution, intes-
tinal transit, renal function, and the completeness 
of urine collection [ 15 ]. This is the main reason 
that xylose absorption is no  longer used in clini-

cal practice. To circumvent this problem, the 
technique of dual sugar absorption was devel-
oped, whereby two sugars subject to the same 
infl uences bar the one under study (the process of 
absorption), are ingested at the same time, and 
the results expressed as a ratio of the absorption 
of one sugar to another, to give a measure of 
intestinal absorptive capacity or intestinal perme-
ability [ 15 ,  16 ].  

    Field Studies on CHO Absorption 

 It was an observation by Pugh on the Silver Hut 
expedition in 1960–1961, who noted that stools 
became greasy and that people lost weight at 
extreme altitude, although this returned to normal 
during spells at base camp [ 17 ]. This lead to the 
idea that malabsorption might be a feature of expo-
sure to extreme altitude and contribute to the 
weight loss. Field studies have demonstrated that 
carbohydrate absorption is only affected at very 
high or extreme altitude (>5,000 m), when hypoxia 
becomes severe. Preliminary studies, using single 
sugar (xylose) absorption in 11 subjects studied at 
4,846 m, showed xylose levels within the normal 
range (0.6–1.3 mmol/L) [ 18 ]. These levels were 
unchanged from those observed at 3,100 m. In 
those who ascended to 5,600 m, however, the 
60-min plasma xylose concentrations were reduced 
to 0.1–0.5 mmol/L, which could indicate a critical 
threshold above which signifi cant malabsorption 
may occur. Furthermore, in 1984 Boyer and Blume 
found a mean 24 % reduction in xylose absorption 
in six out of seven subjects at 6,300 m [ 19 ]. 

 The more accurate dual (or combined) sugar 
test was used in 1994 to measure intestinal carbo-
hydrate absorptive capacity and intestinal perme-
ability in 14 volunteers [ 20 ] at an altitude of 
5,730 m. Subjects drank a solution of lactulose, 
 l -rhamnose,  d -xylose, and 3- O -methyl- d -glucose 
(3mG). Absorption of carbohydrates by mediated 
transport in the small intestine was measured by 
the ratio of urinary xylose to 3- O -methyl- d -
glucose (3mG) excretion. Intestinal permeability 
(a measure of barrier function) was measured as 
the ratio of lactulose to  l -rhamnose excretion 
(L/R ratio) at sea level, 1,050 m in Nepal, and at 
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5,730 m. Body weight decreased by 5.7 ± 1.2 kg 
from that at sea level, even though there was no 
change in energy intake. The xylose/3mG ratio 
decreased by 22 %, with a 34 % decrease in medi-
ated absorption of xylose and 15 % decrease in 
3- O -methyl- d -glucose compared to sea level. 
Intestinal permeability increased from an L/R 
ratio of 0.036 ± 0.014 at sea level to 0.084 ± 0.042 
at 1,050 m ( p  = 0.006), possibly due to infective 
enteropathy after arrival in Nepal, but reverted to 
normal (0.045 ± 0.013,  p  = 0.062) at 5,730 m. 
Absorption of all carbohydrates returned to nor-
mal after return to the UK. It confi rms a decrease 
in mediated ( d -xylose or 3mG) and diffusional 
( l -rhamnose) monosaccharide absorption occurs 
at high altitude, but shows that intestinal perme-
ability (gut “porosity”) at 5,730 m is unchanged. 
It indicates that there are changes in epithelial 
membrane function, possibly due to a change in 
membrane fl uidity [ 13 ]. 

 The change in carbohydrate absorptive capac-
ity is notable. This could represent a real decrease 
in nutrient carbohydrate absorption, since glu-
cose and galactose are absorbed in a similar man-
ner to the test monosaccharides, but since energy 
balance was not measured in this study, this is not 
necessarily the case [ 1 ]. Consequently a further 
study examining energy intake, urine, and fecal 
energy wastage was conducted by the original 
investigators [ 21 ]. “Wastage” in this context 
means the energy content of urine and stool col-
lections measured over 3 days at 5,650 m eating 
a standard diet compared to the values at sea level 
in the same subjects on the same diet. In this 
study, 19 subjects ingested identical rations at sea 
level and at 5,650 m. In addition to energy wast-
age, carbohydrate absorptive capacity 
(xylose/3mG ratio), intestinal permeability (L/R 
ratio), disaccharidase activity (lactase, sucrase, 
and isomaltase, measured as a ratio of lactose, 
sucrose, or palatinose permeation to that of lactu-
lose, with a normal ratio of <0.3 and 1.0 repre-
senting absent enzyme activity), and food 
preference studies were performed. The results 
showed that fecal and urinary energy wastage 
was no different at high altitude than at sea level 
(median wastage 0.83 (range 0.28–1.05) MJ/day 
at sea level and 0.77 (0.40–1.13) MJ/day at 

5,650 m,  p  = 0.78, where 1 MJ = 239 kcal;   http://
www.unitconversion.org/energy/megajoules-to- 
kilocalories-itconversion.html    ). It confi rmed a 
decrease in carbohydrate absorptive capacity 
(xylose/3mG ratio) and no change in intestinal 
permeability. But interestingly, it demonstrated a 
reduction in disaccharidase activity by 41 % for 
sucrase ( p  = 0.09), 50 % for isomaltase ( p  = 0.02), 
and 62 % for lactase ( p  < 0.01) [ 21 ,  22 ]. There 
was a corresponding signifi cant, although small 
(2 %), increase in carbohydrate intake at altitude 
[ 6 ]. Studies in rats exposed to a simulated altitude 
equivalent to 6,960 m for 18 days after 5 days 
treadmill training showed that hypobaric hypoxia 
resulted in a signifi cant decrease in food intake, 
body weight, and reduced endurance exercise 
capacity. The effect of a carbohydrate supple-
ment, offered as a diet option, did not ameliorate 
the hypoxia-induced weight loss, but signifi -
cantly delayed the onset of fatigue during exer-
cise in the supplemented rats compared to a 
hypoxic control group [ 23 ]. 

 Overall the results suggest that although disac-
charidase activity may be signifi cantly reduced at 
high altitude, any unabsorbed carbohydrate is not 
wasted, but probably changed into short chain 
fatty acids that are then absorbed in the colon. 
Energy intake when consuming identical rations 
did not differ (9.7 ± 2.2 vs. 9.8 ± 2.4 MJ/day 
(mean ± SD) at sea level and 5,650 m, respec-
tively), suggesting that an energy defi cit 
accounted for the 4.4 ± 1.6 kg weight loss at alti-
tude [ 21 ]. This agrees with other studies on 
energy balance at extreme altitude (see below).   

    Effect of Hypoxia on Fat Absorption 

    Normal Fat Digestion and Absorption 

 Dietary fat is the main fuel for endurance exer-
cise at sea level. It has an energy density of twice 
that of carbohydrate or protein, releasing 37 kJ/g 
(9 kcal/g), compared to 17 kJ/g (4 kcal/g) for car-
bohydrate. This dependence on fat for endurance 
exercise appears to change at high altitude, with 
greater dependence on carbohydrate, possibly 
because for the same oxygen utilization, glucose 
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yields more ATP than fat or protein [ 24 ]. The 
process of digestion and absorption of fat has 
four distinct phases:
    (a)    Lipolysis of dietary triglyceride (TG) by 

pancreatic lipase to fatty acid (FA) and 
β-monoglyceride (MG)   

   (b)    Micellar suspension with bile acid   
   (c)    Uptake into the mucosal cell, with reesterifi -

cation of the MG with FA to form TG, and 
chylomicron formation in the presence of 
cholesterol, cholesterol esters, phospholip-
ids, and protein   

   (d)    Delivery of chylomicrons in lymphatics to 
the body for utilization of fat    

  Before lipolysis is initiated, however, emulsi-
fi cation of fat begins in the stomach, through gas-
tric contractions and mixing with gastric acid 
[ 25 ]. This makes it relevant to consider gastric 
acid secretion and motility at altitude (below), as 
well as fat absorption. Fat malabsorption can 
occur due to rapid gastric emptying and improper 
mixing, altered duodenal pH that affects the func-
tion of lipase, altered mucosal function, pancre-
atic insuffi ciency, interruption of the enterohepatic 
circulation of bile acids, or altered processing of 
chylomicrons or lymphatic fl ow.  

    Fat Absorption During Hypoxia 
at Sea Level 

 Remarkably, there have been no studies on the 
impact of hypoxia on fat digestion and absorption 
at sea level, whether in patients with chronic pul-
monary disease reversed by oxygen supplemen-
tation, or cyanotic congenital heart disease that is 
then reversed by surgery. In an animal model of 
mice exposed to hypoxia equivalent to 4,500 m 
for up to 32 days, leptin receptor genes in particu-
lar and others involved in lipid metabolism were 
upregulated, suggesting that the leptin signaling 
pathway is an important feature of acclimatiza-
tion to hypoxia [ 11 ].  

    Field Studies on Fat Absorption 

 Studies at high altitude into the effect of hypobaric 
hypoxia on fat absorption are confl icting. In 1975 
Rai et al. found no disturbance in digestibility and 

utilization of fat up to 4,700 m [ 26 ]. The investigators 
measured fecal fat excretion at 3,800 m on a fat 
intake of 364 g/day and at 4,700 m on an intake of 
232 g/day. Fecal fat content was 11.5 g at 3,800 m, 
indicating 97 % digestibility, which was similar at 
4,700 m (98 %). This concurs with a subsequent 
study in 1987 of 11 subjects who ingested 100 g 
fat, followed by a plasma chylomicron assay with 
a nephelometer [ 18 ]. The results showed an 
increase in chylomicrons in 9/12 subjects at 
4,846 m compared to 3,100 m, indicating 
increased fat absorption (or decreased clearance 
of chylomicrons). Other techniques to measure fat 
absorption, including the  14 C-triolein breath test 
and fecal excretion of volatile fatty acids at 
5,500 m on Aconcagua [ 27 ] and 4,300 m on Pike’s 
Peak [ 28 ], respectively, also found no evidence of 
fat malabsorption. 

 The exception is a study performed by Boyer 
and Blume in 1984 during the American Medical 
Research Expedition to Everest [ 19 ]. They dem-
onstrated a 49 % decrease in fat absorption at 
6,300 m compared to sea level in three acclima-
tized subjects, evaluated by an increase in 3-day 
stool fat excretion. They postulated that this might 
be the result of hypoxia affecting pancreatic func-
tion, perhaps by affecting the energy- dependent 
process of enzyme secretion, or a nonspecifi c 
effect of relative ischemia on bowel function. This 
study has not been replicated, but mesenteric 
blood fl ow has been studied more recently (below). 
More work is required to clarify the effect of very 
high or extreme altitude on fat absorption, but it 
suggests that as for carbohydrates, there may be an 
altitude above which all absorption is impaired, 
whether by insuffi cient mucosal blood fl ow, gen-
eral mucosal dysfunction, or the infl uence of HIF 
on digestive enzyme function.   

    Effect of Hypoxia on Protein 
Absorption 

    Normal Protein Digestion 
and Absorption 

 Protein digestion is initiated by acid breakdown of 
dietary polypeptides in the stomach, through the 
action of pepsinogen secreted by the stomach, 
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which is converted to the active protease pepsin by 
the action of acid. It principally occurs in the 
lumen of the small intestine through the action of 
peptidases (trypsin, chymotrypsin, and carboxy-
peptidases) which hydrolyze proteins into oligo-
peptides. The brush border of the small intestine 
contains a family of endopeptidases, which are 
integral membrane proteins rather than soluble 
enzymes. They further hydrolyze luminal pep-
tides, converting them to free amino acids and very 
small peptides formed on the surface of the entero-
cyte, which are then ready for absorption [ 29 ]. 

 Amino acids are absorbed in a similar fashion 
to monosaccharides. The enterocyte membrane 
contains at least four sodium-dependent amino 
acid transporters, one each for acidic, basic, and 
neutral amino acids   . These transporters bind 
amino acids only after binding sodium. The 
transporter then undergoes a conformational 
change that dumps sodium and the amino acid 
into the cytoplasm, followed by its reorientation 
back to the original form. Consequently absorp-
tion of amino acids is not only dependent on the 
electrochemical gradient of sodium across the 
epithelium but also helps generate the osmotic 
gradient that drives water absorption. 

 There is abundant absorption of di- and tripep-
tides by cotransport with H +  ions by a transporter 
called PepT1, but almost none of any larger pep-
tides [ 29 ]. Once inside the enterocyte, the 
absorbed di- and tripeptides are digested into 
amino acids by cytoplasmic peptidases and 
exported from the cell into blood. Only a tiny 
proportion of these small peptides enter blood 
intact. There are further transporters in the baso-
lateral membrane that export amino acid from the 
cell into blood that are not dependent on sodium 
gradients. Genes for protein amino acid phos-
phorylation are generally upregulated in response 
to hypoxia as are those for lipid metabolism and 
carbohydrate absorption [ 11 ]. It seems likely that 
transporter function is also affected by hypoxia 
[ 10 ], but the hypoxic threshold (and altitude) for 
protein metabolism has yet to be defi ned. In an 
animal model where rats were exposed to inter-
mittent extreme hypobaric hypoxia (equivalent to 
7,260 m) suffi cient to induce 28–30 % weight 
loss, glutamine synthetase activity in muscle was 

signifi cantly higher after 14 days’ hypobaric 
hypoxia (4.32 μmol γ-glutamyl hydroxamate 
formed/g protein/min) compared to normal (1.53) 
[ 30 ]. The same changes occurred in liver enzyme 
activity, but were not sustained after 21 days’ 
exposure. This suggests that since no dramatic 
changes in the levels of protein were observed in 
the muscle or liver, alterations in glutaminase and 
glutamine synthetase activity simply maintain 
nitrogen metabolism in the initial phase of 
hypoxic exposure. 

 The amino acid glutamine is the main fuel for 
small intestinal enterocytes. Although oral gluta-
mine supplementation halved bacterial transloca-
tion to mesenteric lymph nodes (a measure of 
enterocyte barrier dysfunction) in starved rats 
exposed to a simulated altitude of 7,000 m for 
72 h [ 31 ], the dose was 0.5/100 g body weight, 
equivalent to 350 g glutamine/day for a 70 kg 
human exposed to these artifi cial conditions. 
Despite speculation that glutamine supplementa-
tion might have benefi cial effects on muscle 
function [ 32 ], we have seen that glutamine syn-
thetase actually increases on short-term exposure 
to high altitude [ 30 ] and there is no objective evi-
dence that glutamine supplementation enhances 
or protects small intestinal function in normal 
individuals at high altitude.  

    Protein Absorption During Hypoxia 
at Sea Level 

 As with fat absorption, there have been no formal 
studies of the effect of hypoxia on human intesti-
nal protein absorption. Neonatal hypoxia has 
been associated with delayed intestinal enzyme 
development in animal models [ 33 ] and the cat 
small intestine has been used as a model to exam-
ine intestinal lymphatic protein clearance, with a 
reduction in arterial oxygen tension from 108 to 
35 mmHg having no effect [ 34 ].  

    Field Studies on Protein Absorption 

 Studies on protein absorption have not been con-
ducted at an altitude at which weight loss is 
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greatest (above 5,500 m). This applies to almost 
all studies on nutrient absorption, so generic 
comments on a threshold for hypoxia- and 
hypobaric- induced changes in mucosal function 
apply, as for carbohydrate or fat absorption, or 
mucosal blood fl ow. Evolutionary pressures seem 
likely to have allowed protective mechanisms to 
develop for nutrient absorption during hypoxia 
up to 5,000 m. Above this altitude there would be 
no selection pressure in human evolution, but it 
would be interesting to compare gene transcrip-
tion and function between higher altitude species 
and their lowland counterparts. 

 Climbers have reported subjective improve-
ment in digestion and strength when taking 
digestive enzyme tablets [ 19 ], but an objective 
benefi t must be treated with scepticism. Protein 
absorption after ingestion of  15 N-labelled soya 
protein and injection of  15 N-glycine has been 
studied by measuring urinary and fecal 
 15 N-excretion by mass spectrometry [ 35 ]. In six 
subjects studied at 122 m and then after 3 weeks 
at 5,000 m, protein absorption (calculated as 
100 − [fecal excretion of  15 N after ingestion of  15 N 
soya protein (% of dose given) − fecal excretion 
of  15 N after injection of  15 N glycine (% of dose 
given)]), was not signifi cantly impaired at alti-
tude compared with sea level (96 % vs. 97 %, 
respectively). The overall digestible energy at 
altitude, calculated as 100 − [percent undigested 
gross energy in the feces], amounted to 96 %, 
indicating that malabsorption of protein or other 
nutrients did not contribute to the 3 % weight loss 
observed in these subjects at 5,000 m. At extreme 
altitude (up to 8,000 m equivalent), Westerterp 
reported up to 15 % fecal loss of energy [ 36 ].   

    Other Effects of High Altitude 
on Gastrointestinal Physiology 

 The primary function of the gut is nutrient diges-
tion and absorption, although this ignores its role 
in immune function (being the largest repository 
of lymphoid tissue in the body), metabolic contri-
bution from the gut microbiota (which constitute 
90 % of all cells in the human body), ancillary 
neuroenteric function, and splanchnic blood fl ow   . 

Nevertheless, there has been little work on the 
effect of high altitude on gastrointestinal physiol-
ogy other than nutrient absorption. Some studies 
have been carried out in hypobaric chambers in 
which high altitude is simulated in order to mini-
mize confounding factors. Field studies are gen-
erally diffi cult to coordinate and perform and 
those that have been done tend to involve small 
subject numbers. This may be because few alti-
tude physiologists have a background in gastro-
enterology. The principal consequence of 
impaired nutrient absorption is on energy  balance, 
leading to weight loss. 

    Energy Balance and Weight Loss 

 That there may be an energy defi cit to account for 
high altitude weight loss seems self-evident, 
although this cannot be assumed to be the only 
cause of high altitude weight loss. When seven 
men stayed at 4,300 m for 21 days basal meta-
bolic rate (BMR) increased by 27 % on day 2 and 
reached a plateau of 17 % by day 10 for the 
remainder of the stay at altitude [ 26 ]. There was 
a signifi cant rate of weight loss in the fi rst 7 days 
at altitude when energy requirement was elevated 
and energy intake equalled that at sea level. When 
the increased BMR was balanced by increased 
food intake, weight loss was minimized. BMR 
accounts for 50 % of our daily energy expendi-
ture, while diet-induced energy expenditure only 
accounts for 10 %. The mechanism for a raised 
BMR at high altitude is not fully understood, but 
thermogenesis driven by the thyroid to compen-
sate for cold is one hypothesis, as well as the 
heightened sympathetic tone that accompanies 
acute or chronic hypoxia (Chap.   12    ). 

 An energy defi cit can occur through lack of 
intake, or increased expenditure. Loss of appetite 
is a common symptom of acute mountain sick-
ness. In addition, discomfort and lack of palat-
able food on climbs result in a reduced energy 
intake. Below 4,500 m appetites and food intake 
return to normal once acclimatized, while above 
6,000 m anorexia becomes more pronounced as 
duration at this altitude increases. Whether 
impaired mesenteric blood fl ow contributes to 

N. Hamad and S. Travis

http://dx.doi.org/10.1007/978-1-4614-8772-2_12


261

anorexia has been investigated (see section 
“ Mesenteric Blood Flow ”), but it appears not up 
to 4,400 m [ 37 ]. To determine the extent that 
reduced energy intake contributes to weight loss, 
the effect of chronic hypobaric hypoxia on eight 
men has been studied in a hypobaric chamber, 
simulating several altitudes up to the summit of 
Mount Everest (8,848 m [ 36 ]). A hypobaric 
chamber eliminates confounding factors such as 
exertion, cold, stress, and limited food supply. 
Weight loss of 5.0 ± 2.0 kg occurred over 31 days. 
Energy intake at normoxia was 13.6 ± 1.8 MJ/
day. Energy intake decreased from 10.4 ± 2.1 to 
8.3 ± 1.9 MJ/day ( p  < 0.001) and energy expendi-
ture from 13.3 ± 1.6 to 12.1 ± 1.8 MJ/day 
( p  < 0.001) over the fi rst and second 15-day inter-
vals of progressive hypoxia, which accounted for 
the weight loss [ 36 ]. Approaches to stimulating 
appetite, facilitating food intake with liquid car-
bohydrate drinks, or nibbling throughout the day 
are important considerations when trying to 
maintain energy intake (see Chap.   15    ). There is 
also some evidence that hypoxia stimulates leptin 
production through the action of HIF, that in turn 
decreases appetite [ 2 ,  38 ,  39 ]. As a consequence, 
the translational application of hypobaric hypoxia 
on body weight for bariatric medicine has not 
escaped notice [ 40 ]. 

 Energy expenditure when climbing at extreme 
altitude has also been measured and the energy 
defi cit calculated in the fi eld. Stable isotope tech-
niques using doubly labelled water (deuterium 
and oxygen-18) allow measurement of energy 
expenditure over a period of time. Deuterium 
( 2 H) is eliminated as water, while  18 O is elimi-
nated as both water and carbon dioxide. Carbon 
dioxide production can therefore be calculated 
from the different elimination rates [ 41 ]. Using 
this technique in four subjects climbing Mt 
Everest in a 7- to 10-day interval up to the sum-
mit (5,300–8,872 m), average daily energy 
expenditure was 13.6 MJ, which was similar to 
the preparation training in the Alps (14.7 MJ/day 
at 2,500–4,800 m). The negative energy balance 
was 5.7 ± 1.9 MJ/day and weight loss correlated 
with the energy defi cit ( r  = 0.84,  p  < 0.05) [ 42 ]. 
Consequently the energy defi cit, largely through 
decreased intake, generally overrides any other 
mechanism of weight loss at extreme altitude.  

    Gastric Acid Secretion 

 Gastric acid contributes to the absorption of fat 
and protein (above). Gastric secretion, acid con-
centration, and peptic activity have been studied 
before and after pentagastrin stimulation in ten 
sea level residents before and during 22 days at 
3,500 m [ 43 ]. Results were compared to two 
other groups of ten men, either natives of high 
altitude or lowlanders acclimatized to high alti-
tude. There was no change in peptic activity or 
acid output at 3,500 m and (consistent with other 
work)  d -xylose absorption was also unchanged. 
On the other hand, work on an animal model (rats 
exposed to profound hypoxia, 7.6 or 10.5 % O 2 ) 
has shown that profound hypoxia equivalent to 
extreme altitude may reduce gastric acid secre-
tion and confi rms that hypoxia impairs gastric 
emptying [ 44 ].  

    Gut Morphology 

 A pertinent question is whether gut morphology 
changes at high altitude, but this remains 
unknown in humans, despite an attempt by one 
of the authors to take small intestinal biopsies at 
sea level and then again at 5,650 m. Ethical con-
siderations prevented exposure of healthy indi-
viduals to a Crosby capsule biopsy, which carries 
a small risk of intestinal perforation, so the 
author subjected himself to the procedure. 
Unfortunately the capsule at altitude obtained a 
sample of healthy gastric and not small intestinal 
mucosa. Endoscopic biopsy is impracticable at 
extreme altitude, although endoscopic small 
intestinal biopsies have been taken at 4,559 m in 
the Margherita Hut. Detailed morphometry was 
not reported, since the goal was to examine 
homogenates [ 45 ]. Nevertheless, studies have 
been performed on chickens exposed to moder-
ate hypobaric hypoxia (2,900 m equivalent alti-
tude) in an attempt to select a strain resistant to 
ascites. Under hypobaric hypoxic conditions, 
duodenal villous surface area increased in one 
strain of chicken from 181.3 ± 16.8 to 
219 ± 10.9 μm 2  compared to 130.1 ± 10.5 and 
134.3 ± 9.3 μm 2  in another. No differences in 
ileal villous morphology were observed [ 46 ]. 
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This suggests that intestinal mucosal proliferation 
might occur during hypobaric hypoxia and intui-
tively this makes sense as a compensatory mech-
anism if hypobaric hypoxia impairs nutrient 
absorption. 

 Also of note is further work on chickens from 
the same authors. It was hypothesized that pro-
moting neonatal gut development with a prebi-
otic, such as Aspergillus meal (Prebiotic-AM), 
would enhance gut effi ciency and decrease the 
oxygen demand of the gut. Prebiotic-treated birds 
reared in hypobaric hypoxic conditions (2,900 m 
equivalent) or sea level had similar duodenal and 
villous morphology compared to control birds 
reared at equivalent altitudes [ 47 ]. Nevertheless, 
the concept that the intestinal microbiota might 
change at altitude and infl uence gut morphology 
is intriguing. The effect of altitude on fecal or 
mucosa-associated microbiota in humans has 
been little studied (below).  

    Gastrointestinal Motility 

 In 2004 Yoshimoto et al. examined the effect of 
acute exposure to hypobaric hypoxia on gastric 
and colonic motility in Wistar rats [ 48 ]. Rats 
were instrumented with transducers to measure 
gastric and colonic motility. In a separate group 
gastric vagotomy was performed. Acute expo-
sure to hypobaric hypoxia resulted in decreased 
frequency and area of the gastric contraction 
waves. Gastric vagotomy abolished this suppres-
sion. Colonic motility, however, increased. This 
study concluded that acute suppression of gastric 
motility occurs on exposure to hypobaric hypoxia 
and is likely to be mediated by the vagus nerve. 
A separate group of Chinese investigators exam-
ined gastric emptying and intestinal transit in 80 
rats subject to hypobaric hypoxia [ 49 ]. Using 
crude, but direct methods of measurement (exci-
sion of the stomach to measure contents and 
enterectomy to measure ileocecal transit of char-
coal at defi ned time periods), they showed that 
gastric emptying in the 5,000 m-simulated alti-
tude group was only 41 % (±SD 10 %), compared 
to a 62 % (±12 %) in the sea level group ( p  < 0.01). 
Charcoal transit rate in the 5,000 m-simulated 

altitude group was also slower than at sea level 
(37 ± 8 % vs. 61 ± 13 %,  p  < 0.01). Delayed gastric 
emptying may decrease the absorption rate of 
nutrients and fl uid which, with slow intestinal 
transit, may contribute to the distension, nausea, 
or vomiting that some climbers experience. 

 This has pragmatic implications for common 
gastrointestinal symptoms experienced by long 
haul aircrew and airline passengers, as well, 
 perhaps, by mountaineers. A questionnaire of 
long- distance aircrew reported signifi cantly more 
dyspeptic symptoms than short-haul crewmem-
ber and ground personnel (belching: 57 % vs. 
37 %, bloating: 51 % vs. 36 %). Consequently 16 
healthy men were subjected to a high fi ber (20 g) 
or low fi ber (2 g) meals on separate days in a 
hypobaric chamber, assigned to a fl ight altitude 
of either 2,500 or 1,000 m [ 50 ]. Gastric emptying 
was assessed by 13C-octanoic acid breath test; 
although the technique may overestimate the rate 
at altitude [ 45 ], emptying was signifi cantly 
delayed at 2,500 m when a high-fi ber meal was 
given ( T  1/2  = 146 ± 58 min low fi ber vs. 
194 ± 54 min high fi ber). The symptom score for 
gastric distension and bloating was also signifi -
cantly increased at 2,500 m for the high-fi ber 
meal compared to the low-fi ber meal. Intestinal 
gas production from fi ber and the natural conse-
quences of Boyle’s law probably explain this.  

     Mesenteric Blood Flow 

 Mesenteric blood fl ow is a challenge to measure 
even in laboratories near sea level: variables 
include the size of vessel evaluated (mucosal vs. 
small- or medium-sized artery); postprandial 
state; hydration; rest or physical exercise; sym-
pathetic stimulation; core temperature and medi-
cation, to name just some. Differences between 
rest and exercise are particularly relevant to fi eld 
conditions. Gastric mucosal blood fl ow at rest 
may decrease at high altitude, as measured by 
automated air gastric tonometry at 5,000 m [ 51 ]. 
It is mucosal blood fl ow that is most likely to 
matter most as far as intestinal absorption is con-
cerned and, if mucosal blood fl ow is decreased, 
this may contribute to susceptibility to peptic 
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(gastroduodenal) ulceration (below). There is 
some evidence that carotid chemoreceptors acti-
vated by hypoxia might lead to reduced gastric 
blood fl ow [ 52 ]. 

 During exercise, it has been suggested that the 
origin of the gastrointestinal distress experienced 
by long-distance runners or mountaineers is due 
to transient ischemia of the gastric mucosa. 
Whether mountaineering at high or extreme alti-
tude constitutes the same hemodynamic stress 
and leads to similar redistribution of blood fl ow 
as does marathon running may be debated. To 
evaluate gastric mucosal function during endur-
ance exercise at altitude, serum pepsinogen mea-
surements have been used, since in many 
gastrointestinal pathologies the ratio between 
pepsinogen A/pepsinogen C (PGA/PGC) 
decreases [ 53 ]. In 13 athletes who performed a 
marathon at 4,300 m [ 53 ], 40 % experienced gas-
trointestinal symptoms. After the race the ratio of 
PGA/PGC decreased, but no relationship was 
observed with gastrointestinal symptoms. A con-
trol group of fi ve subjects, who had been exposed 
to the same environmental conditions, showed no 
gastrointestinal or hormonal alteration. 

 In larger vessels at rest, mesenteric and hepatic 
venous blood fl ow might be expected to be 
impaired at high altitude, but in contrast it appears 
to increase, at least up to 4,400 m [ 37 ]. Blood fl ow 
in the superior mesenteric artery (SMA) and 
hepatic portal vein (HPV) was studied by Doppler 
ultrasonography in 12 subjects following an over-
night fast and a standard meal, to investigate the 
hypothesis that relative mesenteric ischemia 
might contribute to high altitude anorexia [ 37 ]. 
All subjects experienced reduced appetite at 
4,392 m. Preprandial fl ow was signifi cantly higher 
in the SMA at 4,392 m than at sea level (2,020 vs. 
1,024 cm 3 /min,  p  < 0.01) and so too was HPV fl ow 
(708 vs. 505 cm 3 /min, respectively). The changes 
were due to increased vessel diameter and 
increased fl ow velocity. There was no difference 
in postprandial fl ow between sea level and 
4,392 m in the HPV, although the increase in post-
prandial fl ow was greater at sea level than high 
altitude (254 % increase vs. 144 %). 

 The effect of exercise on blood fl ow in larger 
vessels is unclear, because it is not readily 

measured in these conditions. It is, however, 
notable that there is a high prevalence of portal 
vein thrombosis reported in 26 young military 
personnel after residence at high altitude 
(>3,000 m) [ 54 ]. Consequently it is conceivable 
that exercise (or dehydration) might have an 
impact, since it is diffi cult to see how an increase 
in fl ow rates in the HPV measured at rest might 
also be associated with portal vein thrombosis in 
the fi eld. The effect of chronic hypobaric hypoxia 
(long-term residence at high altitude) on mesen-
teric blood fl ow has not been studied. The rela-
tionship between gastric mucosal and mesenteric 
blood fl ow is unclear and the techniques of gas-
tric mucosal tonometry and ultrasound are not 
only quite different, but measure fl ow in different 
sized vessels.  

    Hepatic Function 

 The liver is a major metabolic organ with a mul-
tiplicity of enzyme-dependent functions, so it 
would be surprising if hypoxia (let alone hypo-
baric hypoxia) did not have some effect. This 
would have implications for drug metabolism, 
hepatic blood fl ow, exacerbation of underlying 
liver disease, and clinical consequences. There 
has, however, been little work at altitude even 
though it was of early interest [ 55 ]. 

 So it is rather surprising that the pivotal meta-
bolic enzyme complex, cytochrome P-450 
(CYP), appears unaffected by hypoxia, until one 
considers the generic protective mechanisms 
against hypoxia that appear effective up to 
5,000 m. Twelve healthy subjects living at sea 
level were exposed to altitude-induced hypoxia 
for 7 days at 4,559 m [ 56 ]. Hepatic CYP enzyme 
activity was measured before departure, at 24 
and 96 h after arrival at high altitude, and at 1 
month after return to sea level. The metabolic 
ratio of sparteine, a measure of CYP2D activity, 
increased after 24 h at high altitude (median dif-
ference 0.15; 95 % CI 0.05–0.28) and remained 
increased after 96 h. The ratio decreased after 
return to sea level (median difference −0.15; 
95 % CI, −0.29 to −0.03;  p  = 0.016). The meta-
bolic ratio of endogenous cortisol (CYP3A4) 
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decreased after 24 h (median difference −2.0; 
95 % CI −3.5 to −0.5), but returned to sea level 
values after 96 h at high altitude (median differ-
ence 1.6; 95 % CI 1.0–4.2,  p  = 0.047). These 
small changes in the activity of CYP2D6 and 
CYP3A4 suggest that acute hypoxia has no clini-
cally signifi cant effects on CYP enzymes in 
humans. Another study confi rms this, examining 
the effect of acute hypoxia on CYP1A2 (theoph-
ylline metabolism) and CYP3A4 (verapamil) in 
20 subjects in a normobaric hypoxic chamber 
[ 57 ]. Subjects were randomly allocated to receive 
intravenous infusions of theophylline (6 mg/kg) 
or verapamil (5 mg) in a crossover design, with 
exposure to normoxia and hypoxia (12 % oxy-
gen) corresponding to the ambient PaO 2  at 
4,500 m. Acute hypoxia did not alter the pharma-
cokinetics of theophylline ( T  1/2  ± SD: 9.29 ± 1.77 
vs. 9.39 ± 1.40 (hypoxia)), verapamil (2.00 ± 0.98 
vs. 1.79 + 0.58), or their principal metabolites   . 
Unlike the study at 4,392 m [ 37 ], hypoxia did not 
alter portal venous blood fl ow, also assessed by 
Doppler ultrasound, at this normobaric simulated 
altitude. In practical terms it suggests that drugs 
metabolized by CYP1A2, CYP2D6, and 
CYP3A4 do not need dose- adjustment for people 
during a short stay below 5,000 m. 

 Only animal models have been used to assess 
the effects on hepatic function of longer term 
exposure to high altitude. Exposure of rats for 
6 h/day to a simulated extreme altitude of 7,260 m 
in a hypobaric chamber for up to 21 days was suf-
fi cient to decrease body weight by 28–30 % com-
pared to controls [ 30 ]. Liver glycogen increased 
over threefold following 1 day of hypoxic expo-
sure (4.8 ± 0.78 mg/g wet tissue in control rats vs. 
15.8 ± 2.30 mg/g in rats exposed to hypoxia). 
This returned to normal in the later stages of 
exposure. There was, however, no change in gly-
cogen synthetase activity except for a decrease in 
the 21-day hypoxia-exposed group. Both gluta-
mine synthetase and glutaminase activity 
increased over 14 days, but only glutaminase 
activity was sustained over 21 days, suggesting 
adaptation to maintain hepatic nitrogen metabo-
lism in the initial phase of hypoxic exposure. 
During chronic hypoxic exposure of mice to a 
simulated altitude of 4,500 m for up to 32 days in 

another animal model, the hematocrit increased 
up to a remarkable 80 % [ 11 ]. Upregulation of 
genes peculiar for liver tissue involved in hema-
topoiesis and oxygen transport raises the possi-
bility that the liver may engage in extramedullary 
hematopoiesis in response to severe, chronic 
hypoxic stress. 

 From a clinical point of view, the most 
 substantial risk to hepatic function is the high 
prevalence of portal vein thrombosis reported in 
Indian soldiers living above 3,000 m (below [ 54 ]).  

    HIF and the Gut 

 HIF affects physiological processes in the gut 
and liver as it does elsewhere in the body (for 
review, see [ 58 ] and Chap.   2    ). The oxygen gra-
dient between epithelial cells exposed to luminal 
anaerobic bacteria on one surface and the rich 
intestinal mucosal blood supply on the other are 
steeper than anywhere else in the body. It means 
that intestinal HIF expression may protect barrier 
function against intestinal infl ammatory disease, 
with evidence that HIF1α-knockout mice are 
more susceptible to colitis [ 59 ]. Of greater inter-
est is the concept that gut infl ammation and loss 
of gut barrier function are implicated as the trig-
gering events that contribute to the development 
of the systemic infl ammatory response, with 
HIF-1 as a key regulator of the physiological and 
pathophysiological response to hypoxia [ 60 ,  61 ]. 
Although this has been related to trauma, reper-
fusion injury, and systemic infl ammatory 
response, it is provocative to speculate, but quite 
conceivable, that the profound hypoxic stress in 
the gut at extreme altitude may similarly provoke 
acute lung injury characterized by pulmonary 
oedema. This merits investigation, perhaps start-
ing with studies on whether gut epithelial cells 
are a primary source of HIF at extreme altitude or 
equivalent hypoxia. 

 HIF regulates intestinal mucosal function 
through several pathways. Iron absorption is 
among the best studied—and given the stimula-
tion of erythropoiesis by hypoxia, this is intui-
tively appropriate. Duodenal cytochrome b 
(DcytB) and divalent metal transporter 1 (DMT1) 
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regulate iron absorption and their expression is 
increased during high systemic requirements for 
iron [ 62 ]. The molecular mechanisms that regu-
late DcytB and DMT1 expression are HIF- 
dependent. Duodenal HIF signaling is induced by 
acute iron defi ciency, resulting in activation of 
DcytB and DMT1 expression and an increase in 
iron uptake [ 63 ]. Genetic disruption of HIF sig-
naling (HIF-2α) in the intestine abolishes the 
adaptive induction of iron absorption following 
iron defi ciency, resulting in low systemic iron 
and anemia. Intestinal HIF signaling is a critical 
regulator of systemic iron homeostasis, through 
the control of ferroportin expression [ 64 ]. 
Intestinal mucosal disaccharidase activity is also 
susceptible to HIF with induction of lactase gene 
transcription that may be an adaptive response to 
gut hypoxia [ 65 ]. Although this is apparently at 
odds with the reduced disaccharidase activity at 
extreme altitude measured in man [ 21 ], it is con-
ceivable that the upregulation is insuffi cient to 
meet physiological demand at altitudes above 
5,500 m. Other key processes in absorption are 
also likely to be susceptible to HIF, but have been 
little studied. GLUT1 expression is HIF- 
dependent, playing a pivotal role in the hypergly-
colysis of malignancy, including intestinal 
epithelial cancers [ 66 ], but the function of 
SGLT1, GLUT2, and GLUT5 has been little 
studied. In a Von Hippel Lindau factor knockout 
model, which renders HIF expression unrespon-
sive, hepatic GLUT2 expression was downregu-
lated, in contrast to upregulation of GLUT1 [ 67 ] 
and induction of HIF1α upregulated GLUT2 over 
threefold in another animal model [ 68 ]. 

 It is interesting to speculate that HIF-induced 
regulation of physiological processes, including 
nutrient absorption, is a consequence of evolu-
tionary pressures to maintain function during the 
low oxygen tension of ancient atmospheres [ 69 ]. 
These fl uctuated, but were around 15 % at their 
lowest, equivalent to the partial pressure of oxy-
gen at about 5,000 m. This would allow function 
to be preserved up to this altitude and residence at 
high altitude, but there would be no selection 
pressure to preserve function at extreme altitude, 
where mountaineers choose to climb.   

    Gastrointestinal Disorders 
at High Altitude 

 Gastrointestinal disorders are commonly reported 
at high altitude, but are also common at sea level. 
It helps to discriminate between short-term 
 visitors, long-term residents, and native high-
landers [ 70 ]. 

    Short-Term Visitors 

 Anorexia, nausea, and occasionally vomiting are 
early features of acute extreme altitude (above) 
and are also nonspecifi c features of gastrointesti-
nal upset, such as that caused by travellers’ diar-
rhea, or any intercurrent illness   . Other common, 
non-specifi c symptoms include dyspepsia and 
fl atulence. The former is so common that medical 
kits for expeditions had best contain antacids or 
proton pump inhibitors. The latter may be a fea-
ture of altered bacterial fl ora in the gut, especially 
after a diarrheal illness at any altitude, but the 
simple effect of Boyle’s law (that the volume of 
gas is inversely proportional to the   pressure    , if 
the temperature is kept constant within a closed 
system) means that the volume of intestinal gas 
increases at high altitude. This is observed even 
in aircrew on short-term exposure to moderate 
altitude (up to 2,500 m, above [ 50 ]). 

 Travellers’ diarrhea is common and trouble-
some, but there is little evidence that this is any 
more prevalent at high altitude, other than as a 
consequence of the remote places in which moun-
tains are found and the relative lack of sanitation. 
The symptoms are well known and widely expe-
rienced, since half of travellers to the Himalaya 
or the Andes are likely to be affected: sudden 
onset of diarrhea, with abdominal cramps and 
sometimes vomiting or (in severe cases) dehydra-
tion. It is self-limiting, but prevention and treat-
ment are important considerations for short-term 
visitors to altitude. A systematic review found no 
evidence for the widespread advice to take care in 
what you eat or drink [ 71 ]. Common sense, how-
ever, is not commonly subject to science. 
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Chemoprophylaxis (preventative treatment with 
antibiotics) should, however, be considered if the 
impact of an episode will affect the goals of the 
expedition. Rifaximin (a nonabsorbable antibi-
otic) is effective, as is bismuth subsalicylate or a 
fl uoroquinolone (such as ciprofl oxacin) [ 72 ]. 
Treatment consists of a single dose of ciprofl oxa-
cin (750 mg), or a 3-day course of rifaximin, or 
other appropriate antibiotic [ 73 ]. Of greatest 
interest, vaccines against enterotoxigenic 
 Escherichia coli  (the principal cause of travel-
lers’ diarrhea) are being developed [ 74 ]. 

 Aside from pathogenic infections, the bacte-
rial fl ora may change at altitude. When fecal bac-
terial population groups and serum responses in 
seven mountaineers on a 47-day expedition to the 
Himalaya were examined, there was distinct 
alteration in the microfl ora above 5,000 m [ 75 ]. 
Bifi dobacteria and species belonging to the 
 Atopobium ,  Coriobacterium , and  Eggerthella 
lenta  group decreased, whereas potentially 
pathogenic bacteria of the γ-subdivision of 
 Proteobacteria  and specifi c Enterobacteriaceae 
such as  Escherichia coli  increased. There was a 
reduction in serum levels of IgM- and/or IgA 
anti-LPS and elevation in C-reactive protein 
(CRP). Whether this was a consequence of 
hypoxia or travel in a remote area is unclear. 

 Preexisting gastrointestinal conditions (such 
as Crohn’s disease, ulcerative colitis, or celiac 
disease, see also Chap.   23    ) are unlikely to be 
affected by altitude, but the consequences of a 
gastrointestinal infection superimposed on such a 
condition have to be considered, as well as the 
implications for treatment. Dietary adherence to 
a gluten-free diet, for instance, may be diffi cult 
and anti-TNF therapy for infl ammatory bowel 
disease is a relative contraindication to travel in 
remote areas. Expert advice is appropriate.  

    Residents and Native Highlanders 

 Peptic ulceration and gastrointestinal bleeding 
are common in native highlanders in the Peruvian 
Andes (9.6/10,000 per year [ 70 ]). Although this 
may refl ect a high prevalence of  Helicobacter 
pylori  in the Sierra compared to the coast [ 76 , 

 77 ], high altitude (3,150 m) was not associated 
with a higher prevalence of duodenal ulceration 
or frequency of  Helicobacter pylori  compared to 
low altitude areas in the Kingdom of Saudi 
Arabia [ 78 ]. 

 Nevertheless, acute upper gastrointestinal 
bleeding (AUGIB) is a real risk at high altitude, 
with one of the authors having to deal with three 
cases during a single expedition to Mount Everest. 
During the construction of the Beijing- Lhasa rail-
road (up to 4,905 m) a high prevalence of AUGIB 
was noted in a young cohort ( n  = 13,502; mean 
age ± SD 29.5 + 7.4 year; 99 % male), risk factors 
being alcohol, aspirin, dexamethasone, a previous 
history of AUGIB, or high altitude polycythemia 
[ 79 ,  80 ]. The overall incidence of AUGIB was 
0.49 %. Endoscopy in those evacuated to Golmud 
(2,808 m) or Xining (2,261 m) showed hemor-
rhagic gastritis, gastric ulcer, duodenal ulcer, or 
gastric erosions. The reason for increased suscep-
tibility is likely to be the susceptibility of the 
mucosal barrier to hypobaric hypoxia, with dis-
ruption of mucosal integrity, with evidence from 
an animal model [ 81 ]. It has practical implica-
tions for medical planning for mountaineering 
expeditions: people with a history of peptic ulcer-
ation should continue maintenance of acid sup-
pression at high altitude [ 82 ]. 

 Apart from peptic ulceration, another cause of 
abdominal pain (with or without gastrointestinal 
bleeding) that is more common at high altitude 
than sea level appears to be portal vein thrombo-
sis. At an Indian Army Hospital between 1998 
and 2003, 37 cases of portal vein thrombosis 
were seen, of which 26 (mean age 27 ± 4 years) 
had stayed at >3,000 m for a year (mean 11.7 ± 6.2 
months). The presenting symptom was abdomi-
nal pain, followed by gastrointestinal bleeding 
(38 %) or fever (38 %), and vomiting in 51 %. 
A prothrombotic state was detected in 5/26 cases 
from high altitude and 8/11 cases from low alti-
tude ( p  ≤ 0.01) [ 54 ]. This is notable, although dif-
fi cult to square with increased fl ow rates in the 
portal vein after short-term exposure to 4,400 m 
(above, [ 37 ]). It means that portal vein thrombo-
sis should be given a higher profi le in the differ-
ential diagnosis of acute abdominal pain at high 
altitude than at low altitude. 
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 Sigmoid volvulus and megacolon may also be 
more common at high altitude with volvulus 
accounting for 79 % of all intestinal obstruction 
in Bolivian hospitals [ 70 ]. Whether this is a con-
sequence of altitude and gas expansion, diet, or 
the length of the mesocolon in native Bolivians is 
unclear. There is plenty of scope for research. 

 Residents for 1–3 years at high altitude are, 
however, not necessarily subject to a higher prev-
alence of gastrointestinal disorders. In a discur-
sive report comparing illness reported to military 
medical centers by 130,700 soldiers stationed in 
the plains (up to 760 m) with those from 20,000 
men stationed between 3,692 and 5,538 m in 
1965–1972 [ 83 ], annual differences in the inci-
dence of bacterial, protozoal, or viral infections 
(many of which will have been gastrointestinal) 
were signifi cantly lower at high altitude than at 
sea level. The incidence of amoebic hepatitis, 
goiter, and lobar pneumonia were higher, but the 
study took no account of the fact that sick sol-
diers were more likely to be kept at base and not 
sent to high attitude.   

    Conclusions 

 The effect of hypobaric hypoxia on gastrointesti-
nal physiology is incompletely understood. For 
practical purposes there is no discernible effect 
below 5,000 m. Weight loss at extreme altitude 
(>5,800 m) is consistently documented in fi eld 
and hypobaric chamber studies. There appears to 
be a reduction in carbohydrate absorptive capac-
ity and disaccharidase activity above 5,000 m, but 
the principal cause of weight loss is an energy 
defi cit caused by inadequate food intake, not 
nutrient malabsorption. Gastrointestinal disorders 
are likely to be at least as common at altitude as at 
sea level, but the main cause relates to hygiene in 
remote environments. There are practical mea-
sures that can be taken to reduce the chance of 
acquiring travellers’ diarrhea. Specialist advice 
on this and for people with a preexisting condi-
tion travelling to high altitude is appropriate. 

 Most work on gut function to date has exam-
ined nutrient absorption for reasons of practicality. 

Areas for further research (in no particular order) 
include:
•    Comparing small intestinal mucosal biopsies 

performed at endoscopy in lowland and high 
altitude residents, to answer the question 
whether villous surface area increases at high 
altitude, although allowance would need to be 
made for comorbidity, drug ingestion, and 
intestinal pathogens  

•   Examining mechanisms and causes of 
anorexia at both high and extreme altitudes  

•   Examining intestinal blood fl ow at extreme 
altitude in humans  

•   Investigating the effect of high or extreme alti-
tude on the luminal or mucosal microbiota  

•   Evaluating hepatic function in residents at 
high altitude  

•   Investigating whether hypoxic stress in the gut 
may provoke acute lung injury through the 
release of HIF, cytokine activation, or translo-
cation of bacterial peptides, starting with stud-
ies on whether gut epithelial cells are a 
primary source of HIF at extreme altitude or 
equivalent hypoxia    
 The new disciplines of metagenomics, metab-

olomics, and others lend themselves to examin-
ing metabolism in human subjects at high 
altitude, through simple sample collection in the 
fi eld and analysis in appropriate laboratories. 
New frontiers and new horizons beckon.     
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    Abstract   

 The human immune system is a complex network of molecular, cellular, 
and genetic components designed to provide defense against foreign 
organisms and substances. It is a highly regulated system that is sensitive 
to a number of extrinsic factors including environmental stress (e.g., heat,
cold, microgravity, and hypoxia). The impact that any stressor is likely to 
have on immune function is dependent on whether the stress is acute or 
chronic, the severity of the stress, and the individual’s current physiologi-
cal and emotional state. While the effects of hypoxia on the immune sys-
tem are evident at almost all levels and so will have potential impact on 
infectious risks and outcomes, high altitude and hypoxia also affect certain 
pathogens and their vectors to alter human health at high altitude. We will 
review how hypoxia affects the innate and adaptive immune systems both 
positively and negatively, and the central role of hypoxia inducible 
factor(s) (HIF) in these changes, how the central nervous system (CNS) 
contributes particularly to the adaptive immune responses at high altitude, 
and how these responses affect aspects of defense against pathogens, vac-
cine effectiveness, and immunosurveillance of cancer.  
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         Introduction 

 The human immune system is a complex net-
work of molecular, cellular, and genetic compo-
nents designed to provide defense against foreign 

organisms and substances. It is a highly regulated 
system that is sensitive to a number of extrinsic 
factors including environmental stress (e.g., heat, 
cold, microgravity, and hypoxia). The impact that 
any stressor is likely to have on immune function 
is dependent on whether the stress is acute or 
chronic, the severity of the stress, and the indi-
vidual’s current physiological and emotional 
state. While the effects of hypoxia on the immune 
system are evident at almost all levels and so will 
have potential impact on infectious risks and out-
comes, high altitude and hypoxia also affect cer-
tain pathogens and their vectors to alter human 

        R.  S.   Mazzeo ,  Ph.D.    
  Department of Integrative Physiology ,  University of 
Colorado ,   354 UCB ,  Boulder ,  CO   80309 ,  USA   
 e-mail: mazzeo@colorado.edu   

    E.  R.   Swenson ,  M.D.   (*)  
  VA Puget Sound Health Care System , 
 University of Washington ,   Seattle ,  WA ,  USA   
 e-mail: eswenson@u.washington.edu  



272

health at high altitude. We will review how 
hypoxia affects the innate and adaptive immune 
systems both positively and negatively, and the 
central role of hypoxia inducible factor(s) (HIF) 
in these changes, how the central nervous system 
(CNS) contributes particularly to the adaptive 
immune responses at high altitude, and how these 
responses affect aspects of defense against patho-
gens, vaccine effectiveness, and immunosurveil-
lance of cancer.  

    The Stress of Altitude and the CNS 

 Before discussing direct effects of hypoxia on 
cells involved in immune responses it must be 
recognized that ascent to high altitude is a stress 
known to alter a number of physiologic and met-
abolic functions. These adjustments to high alti-
tude are a necessary attempt to maintain 
homeostasis in the presence of a reduction in 
arterial oxygen pressure (P a O 2 ). Hypoxemia rep-
resents a major disruption in normal homeostasis 
and thereby induces both systemic and local 
effects to compensate for the reduced arterial 
oxygen content (C a O 2 ) and O 2  delivery. As with 
many other stressors, hypoxia elicits systemic 
responses of which those controlled by the CNS 
are most highly relevant for the immune system. 
The critical elements of the CNS response to high 
altitude on the immune system are the sympathetic 
nervous system (SNS) and the hypothalamic–
pituitary–adrenal (HPA) axis. A typical neuroen-
docrine response to stress involves the activation 
of both the HPA axis and the SNS. 

 The HPA axis is responsible for the release of 
cortisol from the adrenal cortex. Cortisol, as with 
other glucocorticoids, are well documented to be 
immunosuppressive at the high circulating levels 
associated with stress [ 1 ]. With initial exposure 
to high altitude, free and total cortisol levels 
increase when compared to sea level values [ 2 ,  3 ]. 
However, as an individual acclimatizes over time, 
cortisol levels generally return to sea level values 
(Fig.  14.1 ). Thus, it would appear that the initial 
hypoxic stress activates the HPA axis and subse-
quent cortisol release but as C a O 2  improves with 
acclimatization, HPA activity and cortisol levels 
return to baseline.

   The SNS directly innervates the adrenal 
medulla and thus, upon activation, causes the 
release of epinephrine into the circulation. 
Additionally, sympathetic nerve fi bers innervate 
both primary and secondary lymphoid organs 
including the spleen, thymus, and lymph nodes 
with obvious immunomodulatory ramifi cations 
during periods of stress as norepinephrine is 
released from excited SNS terminals. Almost all 
immune cells express the beta-2-adrenergic 
receptor (β 2 AR) that binds both norepinephrine 
and epinephrine activating intracellular signaling 
[ 4 ]. It is important to note that the increase in 
SNS activity and norepinephrine levels associ-
ated with high altitude exposure [ 5 ] can exert 
their effect via both the α- and β-adrenergic 
receptors while epinephrine primarily acts upon 
β-adrenergic receptors. With exposure to hypoxia, 
elevations in SNS and adrenal medullary activity 
are associated with impairment of immunocom-
petent cells, mobilization of T-cells and natural 
killer (NK) cells, and regulation of cytokine pro-
duction and release [ 6 – 9 ]. 

 There is a clear direct effect of hypoxia on 
stimulating adrenal medullary release of epineph-
rine as well as increasing SNS activity [ 10 – 12 ]. A 
number of studies (summit of Pikes Peak, 4,300 m, 

Relative
Change

Norepinephrine
Epinephrine

Cortisol

Days at Altitude

  Fig. 14.1    In response to stress, such as hypoxia, the 
 central nervous system activates both the hypothalamic–
pituitary–adrenal (HPA) axis and the sympathetic nervous 
system (SNS). The resulting production of circulating 
glucocorticoids and catecholamines can infl uence leuko-
cyte number and function. Also, norepinephrine produced 
at SNS nerve endings can modulate immune-cell function 
via direct innervation of lymphoid organs. Cytokines pro-
duced by immune cells can modulate the activity of the 
hypothalamus.  APC  antigen-presenting cell,  IL-1  interleu-
kin- 1,  NK  natural killer (From: Glaser R., and Kiecolt- 
Glaser J.K., Nat. Rev. Immunol. 5:243–51, 2005—with 
permission)       
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~462 mmHg) have extensively documented the 
sympathoadrenal responses during both acute and 
chronic exposure to high altitude conditions. It 
has been consistently demonstrated that upon 
acute exposure (within 4 h of arrival) arterial con-
centrations of epinephrine are elevated at rest 
compared to sea level (Fig.  14.1 ). This response is 
dependent upon the degree and severity of hypoxia 
as it is causally related to the extent that hypoxia 
stimulates adrenal medullary epinephrine release. 
With acclimatization, improvements in oxygen 
saturation reduce the hypoxic stress and epineph-
rine levels decline toward sea level values. Thus, 
an inverse relationship between C a O 2  and arterial 
epinephrine concentration exists. 

 Interestingly, unlike the adrenal medullary 
release of epinephrine, SNS activity and the 

subsequent release of norepinephrine remain at 
elevated levels despite improvements in oxygen 
saturation. Arterial levels of norepinephrine are 
a function of the rate of spillover into the circu-
lation released by SNS, and its eventual clear-
ance. Resting levels of arterial norepinephrine 
during acute exposure are generally found to be 
similar to those observed at sea level ([ 10 – 14 ]; 
see also Chaps.   8     and   12    ). However, norepineph-
rine levels rise signifi cantly with time during 
more prolonged stay at high altitude reaching a 
peak after 1 week. 

 In summary, an elevation in both HPA axis 
and SNS activity is well documented to occur in 
response to both acute and chronic high altitude 
exposure [ 2 ,  3 ,  10 – 12 ]. As shown schematically 
in Fig.  14.2 , in response to stress, activation of 

  Fig. 14.2    The response of key stress hormones to both 
acute and chronic high altitude exposure. With acute 
exposure, hypoxia acts directly to stimulate adrenal med-
ullary activity, thereby increasing circulating epinephrine 
levels dramatically. With acclimatization, oxygen content 
improves reducing the stimulus on adrenal medullary 

activity, and epinephrine levels return toward sea level 
values. However, sympathetic nerve activity increases 
steadily over time at altitude infl uencing various systems, 
including the immune system. Finally, there is a transient 
increase in cortisol levels with initial exposure to altitude       
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the HPA axis and SNS activity have pronounced 
effects on many components of the innate and 
adaptive immune systems including lymphoid 
organs, natural killer cells, T-cells, B-cells, and 
various cytokines.

       Immune Responses to High Altitude 

 It is becoming increasingly clear that virtually all 
hypoxic responses are to a great extent dependent 
upon HIF-dependent gene regulation (see Chaps. 
  1     and   2     for review). In addition to HIF-mediated 
actions in erythropoiesis, angiogenesis, and sub-
strate utilization, much evidence exists that HIF-1 
also plays a role in the modulation of immune 
function at all levels [ 15 – 17 ]. A signifi cant inter-
action and cross talk of HIF with nuclear factor 
kappa beta (NFκB), a critical intracellular signaling 
molecule in infl ammation, exists, with NFκB 
causing non-hypoxic up-regulation of HIFs and 
HIFs themselves stimulating NFκB [ 18 ]. It must 
be appreciated that much of what is known and 
studied particularly in vitro with immune cells is 
considerably more severe hypoxia (1–2 % O 2 ) 
typical of injured and infl amed tissues than that 
experienced in otherwise healthy humans at hab-
itable altitudes. In addition, other factors relevant 
to injured tissues including acidosis, depletion of 
glucose, and accumulation of lactate and other 
metabolites, cytokines, and microbial products 
are not usually present   . Nonetheless, even mod-
est altitudes at around 4,000 m (equivalent to 
12 % O 2 ) are suffi cient to elicit HIF-1 alpha 
increases in human leukocytes and HIF-1 alpha 
DNA binding in vivo [ 19 ]. More complete dose 
response studies of hypoxia levels to immune 
system responses are needed to better understand 
what occurs at high altitude. 

    Innate Immune System 

 Innate immune responses represent the earliest 
evolution of defense against pathogens. Elements 
of the innate immune system arose in single cell 
and early multicellular organisms at a time (1–2 
billion years ago) before the proliferation of O 2 - 
generating, photosynthesizing plants when atmo-

spheric oxygen levels were only 1–2 % [ 20 ]. As a 
result, innate immune cells (neutrophils, macro-
phages, mast cells, dendritic cells, and natural 
killer cells) and pathogen recognition receptors 
(cell surface proteins such as lectins and Toll-like 
receptors—TLRs) and their intracellular 
 signaling pathways evolved to function well in a 
hypoxic environment [ 21 – 23 ]. 

  Neutrophils : Neutrophils function well in 
hypoxia, an environmental condition which often 
exists in portions of infected tissues whose blood 
supply can become compromised. The sympa-
thetic stress of hypoxia is known to increase cir-
culating neutrophils both by increased maturation 
in the bone marrow and by vascular demar-
gination [ 9 ,  24 ,  25 ]. HIF-1 alpha signaling initi-
ated by hypoxia is critical to neutrophil bacterial 
killing by enhancing ATP generation to support 
the aggregation, motility, chemotaxis, superoxide 
generation, and phagocytosis [ 26 – 29 ]. Chronic 
and intermittent hypoxia via HIF-1 alpha signal-
ing also prolongs the otherwise short (3–5 days) 
life-span of neutrophils by inhibiting apoptosis 
[ 30 ,  31 ]. The importance of HIF-1 alpha in neu-
trophils is manifested by the impaired ability of 
HIF-1 alpha null phagocytes to effectively elimi-
nate bacterial growth [ 27 ,  28 ] and by the enhanced 
life-span and phagocytic capacity of neutrophils 
in von Hippel–Lindau disease, in which degrada-
tion of HIF-1 alpha is impaired [ 32 ], or the aug-
mented phagocytic ability of neutrophils in mice 
given the HIF-1 agonist, mimosine [ 33 ]   . In oppo-
sition to HIF-1 alpha, adenosine, an intermediate 
metabolite of ATP, which is increased with 
hypoxia, via binding to the adenosine A-2a 
receptor on neutrophils, as well as to natural 
killer cells and lymphocytes down-regulates pro-
infl ammatory signaling [ 34 ,  35 ]   . 

  Monocytes and macrophages : These cells are 
similarly responsive to hypoxia with up- 
regulation of HIF-1 and HIF-2 leading to an array 
of both up- and down-regulated genes [ 36 ,  37 ]. 
In general these gene expression changes allow 
macrophages to better function in hypoxic areas 
in their phagocytic and killing abilities (genera-
tion of large amounts of NO, oxidants, proteases, 
and defensins) and in their immune activating 
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capacity. An important pro-infl ammatory cytokine 
generated by a variety of hypoxic cells including 
macrophages is macrophage migration inhibitory 
protein (MIF), which acts to limit random macro-
phage movement in order to concentrate macro-
phages at the sites of injury and infection [ 38 ]. 
When made hypoxic-resident alveolar macro-
phages in the lung release into the circulation 
monocyte chemoattractant protein (MCP-1), a 
chemokine which activates systemic perivascular 
mast cells to initiate microvascular infl ammatory 
cascade and may account for some of the sys-
temic effects of alveolar hypoxia [ 39 ]. How rele-
vant these acute studies in mice at 10 % O 2  are to 
humans is uncertain since this more severe 
hypoxia, equivalent to 6,000 m, is rarely experi-
enced and small rodents with their greater metab-
olism may be more sensitive to any level of 
hypoxia than humans. Alveolar macrophages 
harvested from humans at 4,559 m showed no 
evidence of activation compared to those har-
vested at near sea level [ 40 ]. 

  Dendritic cells : Dendritic cells (DC) are special-
ized monocytes that migrate to sites of infection 
and then travel to regional lymph nodes as anti-
gen-presenting cells. Hypoxia leads to a more 
pro-infl ammatory profi le of these cells [ 41 – 44 ]. 
HIF-1 is expressed in high levels in these cells 
[ 45 ] and is critical to these functions. Hypoxic 
exposure of dendritic cells with a conditional 
deletion of HIF-1 leads to less migratory capac-
ity, decreased production of interleukin-22, a 
cytokine important in the production of antimi-
crobial peptides, and greater apoptosis [ 45 ,  46 ]. 
  Natural killer cells : Natural killer (NK) cells are 
part of the innate immune system and do not 
express markers of either T- or B-cell lineage. 
NK cells primarily kill virus-infected cells and 
some tumor cells and are therefore important in 
fi ghting infection and cancer. Several studies 
have demonstrated that acute hypoxia results in 
increases in natural killer cell numbers and activ-
ity [ 6 ,  7 ,  9 ]. The role of HIF in NK cell function 
studied either by gene deletion or by siRNA 
knockdown has not yet been explored in any 
depth, although one study unexpectedly found 
when HIF-1 was repressed by siRNA, the popu-
lation of NK cells was not increased as compared 

with control cells under hypoxia. These results 
indicate that the inhibition of NK cell differentia-
tion is regulated by HIF-1-independent mecha-
nism under hypoxia [ 47 ]. The fi nding of enhanced 
NK cell number and activity with acute hypoxia 
in vivo appears to be transient as levels return to 
normal with more prolonged exposure to hypoxia 
[ 6 ,  7 ,  48 ]. A potential mechanistic role involving 
the sympathoadrenal pathways has been sug-
gested. In support of this, epinephrine infusion 
can mimic the effect of hypoxia on NK cells while 
β-adrenergic blockade abolishes the increase in 
NK cell number [ 9 ]. 

  Pathogen-associated molecular pattern  ( PAMP ) 
 responses : In addition to the cellular arms of the 
innate immune system, most cells of the body 
have membrane surface proteins that upon bind-
ing to pathogens or pathogen- associated mole-
cules trigger intracellular signaling pathways 
to up-regulate pro-infl ammatory responses and 
cytokine expression and alter apoptosis. This is a 
highly active area of research and multiple 
PAMPs and related damage- associated molecular 
pattern (DAMP) molecules are being identifi ed 
and their roles explored. Most studied of these 
include the many TLRs, which evolved early in 
evolution in single cell organism host defense. 
Several of the TLRs are HIF-1 alpha-sensitive 
[ 49 – 51 ] and themselves can up-regulate HIF-1 
alpha to act in a synergistic fashion [ 52 ]. In mac-
rophages hypoxia increases TLR-4 expression 
[ 53 ], while in dendritic and monocytic cells, 
hypoxia causes induction of TLR-2 and TLR-6 
via HIF-1 alpha [ 54 ]. HIF-1 alpha stimulates 
infl ammatory gene up- regulation via NFκB and 
reactive oxygen species- dependent pathways as do 
the TLRs [ 55 ,  56 ]. 

  Cytokines and other signaling molecules : 
Cytokines are small proteins with hormone-like 
characteristics involved in cell-to-cell signaling. 
They help regulate the intensity and duration of 
the immune response. Recently, the infl uence of 
high altitude exposure and hypoxia on infl amma-
tory cytokines has received more attention with a 
special interest in IL-6. It appears that the envi-
ronmental stress of altitude/hypoxia alone is suf-
fi cient to cause an elevation in circulating IL-6. In 
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humans, acute hypoxia elevates serum IL-6 levels 
signifi cantly while other pro-infl ammatory cyto-
kines (IL-1 beta, TNF-alpha) remained unchanged 
[ 57 ]. Animal studies extend these fi ndings as cul-
tured endothelial cells [ 58 ] acutely exposed to 
hypoxia demonstrate an increase in the expression 
of IL-6 as do neonatal cardiac myocytes after 4 h of 
hypoxia [ 59 ]. Results from investigations con-
ducted at the summit of Pikes Peak indicate that 
resting IL-6 levels increase immediately upon 
arrival to altitude and remain elevated for several 
weeks with continued exposure [ 8 ]. Therefore, 
both acute and chronic altitude exposure result in 
elevated resting IL-6 levels in humans. 

 A sympathoadrenal mechanism responsible 
for this observation has been proposed [ 8 ]. It is 
known that the catecholamines can act as a potent 
stimulator for IL-6 production via activation of 
the β-adrenergic pathways [ 60 – 63 ]. β-Adrenergic 
activation upon initial exposure to high altitude is 
consistent with the rapid increase in both epi-
nephrine and IL-6 levels associated with acute 
altitude exposure (Fig.  14.3 ).

   However, resting IL-6 levels remain elevated 
over time at altitude while epinephrine levels 
return toward sea level values. This would sug-

gest that other mechanisms are responsible to 
the sustained increase in IL-6 at altitude. 
Increase in SNS activity over time at altitude 
likely contributes to this observation [ 8 ]. 
Specifi cally, the release of norepinephrine from 
SNS nerves can act directly on α-adrenergic 
receptors. In the Pikes Peak studies, the admin-
istration of the α-adrenergic blocker prazocin 
completely abolished the sustained increase in 
resting IL-6 levels [ 8 ]. Thus, while IL-6 levels 
remained elevated throughout 12 days duration 
at altitude for the group receiving the placebo, 
IL-6 levels returned to sea level values by day 3 
and remained there throughout the remainder of 
stay at altitude in subjects receiving α-adrenergic 
blockade. This is further supported by a signifi -
cant correlation ( p  = 0.004) between IL-6 levels 
and urinary norepinephrine excretion rates (a 
marker of overall sympathetic nerve activity) for 
subjects over the course of time while at altitude. 
Other studies have reported a similar relation-
ship between peak plasma norepinephrine and 
IL-6 levels during high-intensity exercise in 
humans [ 63 ,  64 ]. The signifi cance of the ele-
vated IL-6 response to altitude on immune func-
tion remains unknown. It is classically thought 
of as a pro-infl ammatory cytokine, but it may 
have anti-infl ammatory properties as well, so its 
overall impact may vary in different circum-
stances [ 65 ]. Furthermore it may promote angio-
genesis [ 66 ], induce vascular endothelial growth 
factor (VEGF, [ 67 ]), and modulate erythropoie-
tin production [ 57 ,  68 ].  

    Adaptive Immune System 

  T lymphocytes : T lymphocytes are developed in 
the thymus and are integral components of 
 cell- mediated immunity. T-cell subsets carry out 
a variety of immunological functions including 
helper, suppressor, and cytotoxic (killing cells 
already infected with viruses and other intracel-
lular pathogens). The literature clearly indicates 
that cell-mediated immunity and T lymphocyte 
function is the branch of the immune system 
most adversely affected by acute exposure to 
high altitude [ 48 ]. Several investigations involv-
ing human subjects suggest that acute exposure 
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  Fig. 14.3    The response of circulating interleukin-6 
following both acute and chronic exposure to the summit 
of Pikes Peak (4,300 m). Initially, the large increases in 
IL-6 levels with acute hypoxia are likely mediated via the 
epinephrine- stimulated β-adrenergic pathway. During 
acclimatization, epinephrine levels decline; however, IL-6 
levels remain elevated. This is likely related to the contin-
ued increase in SNS activity with acclimatization and the 
direct norepinephrine stimulation of the α-adrenergic 
pathway, as α-blockade completely abolishes this IL-6 
response observed over time at altitude       
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to high altitude can suppress T-cell function 
(proliferation) as well as alter T-cell subset ratios 
[ 69 ,  70 ]. In a well controlled, multifaceted study 
now referred to as Operation Everest II, seven 
male subjects were progressively brought to a 
simulated altitude of 7,620 m (25,000 ft) in a 
hypobaric chamber over the course of 4 weeks 
[ 48 ]. Results indicated that T-cell function was 
signifi cantly impaired during hypoxia as indi-
cated by signifi cant reductions in both phytohae-
magglutinin (PHA)-stimulated lymphocyte 
proliferation and protein synthesis. It was postu-
lated that alterations in circulating stress hor-
mones associated with acute hypoxia may be, in 
part, responsible for this fi nding. This supports 
two earlier studies examining PHA-stimulated 
lymphocyte proliferation in human subjects 
exposed to altitudes of 3,200–3,800 m [ 71 ,  72 ]. In 
these studies a signifi cant reduction was found in 
T-cell-specifi c blastogenesis after 5 days at high 
altitude with the added observation that values 
returned to baseline after 25 days at altitude. 

 It has been suggested [ 69 ] that the decrease in 
PHA-stimulated lymphocyte proliferation asso-
ciated with high altitude (5,050 m) may be related 
to the decline in the specifi c subset of CD4+ 
T-cells (Th1). Possible alterations in IFN-γ and 
IL-2 production related to lower numbers of Th1 
cells are likely responsible. More recently, it has 
been suggested that this observed impairment of 
Th1/Th2 immune balance is, in part, regulated by 
the alterations in the sympathoadrenal axis dur-
ing exposure to high altitude [ 73 ]. 

 Specifi cally, T-cell receptor signal transduction 
has been shown to be inhibited by HIF-1 via a 
calcium signaling pathway [ 74 ]. The HIF-1 
response favors T helper2 (Th2)-regulated path-
ways while down-regulating the T helper1 (Th1) 
circuit [ 75 ]. Ben-Shoshan et al. [ 15 ] have 
reported an HIF-1α-mediated association 
between hypoxia and regulatory T-cells resulting 
in favorable anti-infl ammatory conditions. In 
contrast targeted deletion of HIF-1 alpha in lym-
phocytes improves antibacterial response in sep-
tic mice [ 76 ]. Others [ 77 ] have demonstrated that 
in response to acute hypoxia, both HIF-1 and 
NFκB play a key role in this anti-infl ammatory 
response. In part this may be related to HIF-1 
alpha-induced differentiation of T regulatory 

cells (Treg), whose role is generally to blunt 
infl ammation [ 78 ]. Redistribution of T lympho-
cytes and a reduction in CD4+ T-cell numbers as 
well as a suppression in T-cell activation and 
proliferation have been consistent observations 
[ 6 ,  7 ,  48 ,  67 ]   . 

  B lymphocytes : B lymphocytes are developed in 
the bone marrow of most mammals and make up 
an integral component of the humoral immune 
response. The principal functions of B-cells are 
to make antibodies (immunoglobulins—Ig) 
against specifi c antigens. B-cells also play a role 
in immunological memory after activation by 
antigen interaction. It is generally observed that 
this branch of immunity is only marginally 
affected by high altitude exposure [ 48 ,  69 ,  79 –
 81 ], although lymphopenia has been reported to 
occur with acute exposure to hypoxia [ 9 ,  24 ] pos-
sibly as a result of the associated increase in cor-
tisol. In the Operation Everest II study cited 
above, it was reported that no differences were 
found at any altitude in polyclonal B-cell func-
tion [ 48 ]. After 9 days at altitude, no differences 
in spontaneous or pokeweed mitogen (PWM)-
stimulated IgA, IgG, or IgM production were 
found. Normal and increased antibody responses 
to both bacterial and viral vaccinations have been 
consistently reported in other studies at altitudes 
ranging from 2,300 to 4,200 m [ 79 ,  81 ,  82 ]. 
Consequently, B-cell function appears to be less 
affected by high altitude exposure.  

    Intermittent Hypoxia/Altitude 
Exposure 

 Intermittent hypoxia exposure has been employed 
in attempts to pre-acclimatize individuals before 
ascent to high altitude (military personnel, moun-
taineers, athletes). This can be achieved by either 
breathing hypoxic gas mixtures or exposure to 
hypobaric hypoxia via an altitude chamber   . A few 
studies have assessed the impact of intermittent 
hypoxia on components of immune function [ 83 , 
 84 ]. Recently, it was demonstrated that in young, 
healthy men, 14 days of intermittent hypoxia (four 
5-min bouts/day breathing 10 % oxygen) resulted 
in enhanced innate immunity by mobilizing 
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 hematopoietic stem and progenitor cells thereby 
activating neutrophils and increasing circulating 
complement and immunoglobulins [ 84 ]. 

 Using hypobaric hypoxia to simulate an alti-
tude of 4,300 m (barometric pressure = 446 mmHg) 
it was observed that white blood cell and several 
leukocyte counts were elevated during acute alti-
tude exposure but returned to baseline values after 
3 weeks of intermittent altitude exposure [ 83 ]. 
Stress hormones (cortisol, epinephrine, and nor-
epinephrine) were not affected by either acute or 
chronic exposure to intermittent altitude exposure. 
It was concluded that this method of pre-acclima-
tization can safely be employed for inducing alti-
tude acclimatization without negatively impacting 
immune function.   

    Exercise at Altitude: An Added 
Stressor 

 Importantly, individuals are generally physically 
active while at altitude (hiking, climbing, skiing, 
etc.). It has been demonstrated that exercise rep-
resents an added stress that, when combined with 
hypoxia, elicits a more pronounced neuroendo-
crine response when compared to the same abso-
lute intensity at sea level [ 8 ,  10 – 12 ].    Consequently, 
exercise at high altitude is likely to have a greater 
impact on immune function then the hypoxic 
exposure alone. 

 There have been numerous studies documenting 
the effect of a single bout of exercise on immune 
function at sea level (for reviews, see [ 85 ,  86 ]). It is 
clear that an acute bout of exercise is a physical 
stressor that can transiently affect immune func-
tion. A key factor dictating the impact of the exer-
cise bout on suppressing immune function is related 
to the exercise intensity or relative stress. The 
greater the relative exercise intensity, the greater 
the disruption in homeostasis and subsequent neu-
roendocrine responses. As the same absolute work-
load represents a greater relative intensity at high 
altitude when compared to sea level (as maximal 
oxygen consumption, VO 2 max, declines with 
ascending altitude) the greater relative stress will 
have a more  pronounced effect on immune func-
tion. Unfortunately, there have been only a few 
studies that have examined the effect of exercise on 

immune function during altitude/hypoxic 
exposure. However, it appears that even when 
 controlling for the relative exercise intensity, 
hypoxia represents an added stressor to that 
imposed by exercise alone. When subjects exer-
cised for 20 min under both normoxic and hypoxic 
(11.5 % O 2 ) conditions, it was demonstrated that 
exercise during hypoxia resulted in a signifi cantly 
greater NK cell response when compared to exer-
cise in normoxic conditions [ 7 ], but an inhibition 
of neutrophil cytotoxic activity [ 25 ]. A training 
program consisting of daily exercise with 15 % O 2  
for 4 weeks also found enhanced NK cell function 
[ 87 ]. Hypoxic exercise appears to induce a more 
pronounced immunological stress response than 
exercise under sea level conditions. 

 Further, it has been shown that when exercise 
is performed at the same relative workload (indi-
cated by similar blood lactate levels), sympathetic 
nerve activity is elevated to a greater extent at alti-
tude (1,800 m) when compared to sea level [ 63 ]. 
More importantly, the increase in circulating epi-
nephrine and norepinephrine correlated with the 
greater exercise-induced increase in IL-6 levels at 
altitude. These fi ndings are consistent with the 
concept of an exacerbated immunological stress 
response when exercise and hypoxia are com-
bined. Several studies conducted at sea level have 
identifi ed skeletal muscle as a potential source 
for the elevated circulating IL-6 during exercise 
and this likely holds true with exercise at altitude 
[ 9 ,  88 ,  89 ]. 

 Similar fi ndings have been reported during 
submaximal exercise (50 % of VO 2 max for 
50 min) under conditions of both acute (day 1) 
and chronic (day 12) altitude exposure at 
4,300 m. With acute altitude exposure, IL-6 
 levels were signifi cantly elevated during exercise 
and correlated with increasing epinephrine levels 
[ 8 ]. As described above, this appears to be medi-
ated primarily via β-adrenergic stimulation as 
α-adrenergic blockade had no effect in reducing 
the exercise-induced increase in IL-6 during 
acute hypoxia. After 12 days of acclimatization, 
however, α-adrenergic blockade signifi cantly 
lowered IL-6 levels during exercise to values 
found at sea level. The placebo group still dem-
onstrated elevated IL-6 levels during exercise 
suggesting a strong α-adrenergic component 
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with more prolonged residence at high altitude. 
Taken together, these studies suggest an additive 
effect of the physical stress imposed by exercise 
with that of hypoxic stress. This results in a more 
pronounced sympathoadrenal response that has 
implications for immune function. 

  Exercise training : Currently, the “Live High- 
Train Low” paradigm is popular among endur-
ance athletes for the purported benefi ts leading 
to an improvement in performance at sea level 
[ 90 – 92 ]. This design calls for altitude exposure 
of at least 12–16 h/day for 3–4 weeks to elicit the 
desired adaptations (erythropoietin, red blood 
cell volume, etc.) while returning to a lower alti-
tude for training. 

 To date, only one study has examined the 
effect of “Live High-Train Low” on immune 
function [ 93 ]. In a study directed at mucosal 
immunity, trained cross-country skiers after an 
18-day period of training low at 1,200 m and liv-
ing high at 3,500 m demonstrated a signifi cant 
decrease in secretory immunoglobulin A (sIgA). 
The control group (lived and trained at 1,200 m) 
had no changes in sIgA levels. It was suggested 
that a cumulative adverse effect of exercise 
training and hypoxia on mucosal immunity 
occurred over time at altitude. 

 When athletes both live and train at high alti-
tude, the effect of hypoxia on suppressing some 
immune function is evident. When members of the 
Australian Olympic swimming team were exposed 
to a 21-day training camp at 2,100 m, leukocyte 
numbers and concanavalin-A (ConA)-induced 
blastogenesis were reduced 38 % and 32 %, respec-
tively, when compared to sea level values [ 70 ]. 

 Clearly, more studies need to be conducted to 
determine the extent to which these various train-
ing models involving altitude/hypoxia infl uence 
immune function and whether the actual suscep-
tibility and incidence of illness is affected.  

    Relation to Infections and Cancer 
at High Altitude 

 The many and variable responses of the neuro- 
immune system to acute and chronic hypoxia are 
predicted to have possible impact on infectious 

risks and severity of infections [ 94 ]. However, 
given the myriad associated aspects of high alti-
tude for both residents and visitors separate from 
hypoxia that may infl uence immune status or 
transmission of infection, the ability to study the 
separate impact of hypoxia is daunting. Other rel-
evant climatic and socioeconomic differences of 
high altitude include UV radiation, cold, hazard-
ous weather, poverty, personal and community 
hygiene, home and outdoor air pollution, nutri-
tional status, population density, and access to 
basic medical prevention and care. In addition to 
their infl uence on host defenses, UV radiation, 
humidity, and cold will affect the viability of 
infectious agents and/or their insect vectors, such 
as mosquitoes [ 95 ,  96 ]. 

 Notwithstanding the inherent limitations of 
cross-sectional and observational investigations 
owing from lack of control of confounding factors, 
surveys have found both positive and inverse asso-
ciations with certain infections at high  altitude. 
Historically tuberculosis (TB) has been of greatest 
interest. Numerous studies have found a lower 
mortality from incidence/prevalence of TB with 
altitudes above 2,000–3,000 m  [ 97 – 104 ]. The vir-
ulence and transmissibility of  Mycobacterium 
tuberculosis  is well known to be reduced under 
hypoxic conditions [ 105 ,  105a ], low humidity 
[ 106 ], and UV radiation [ 107 ]. These environmen-
tal factors, in addition to the rest,  better nutrition, 
and escape from crowded and polluted lowland 
cities afforded by the mountain environment in the 
decades before availability of antituberculous drug 
therapy, have been considered instrumental to the 
therapeutic success of the alpine sanatorium. 

 In contrast, the general view is that most 
infections are worse at high altitude. This seems 
to be the case for childhood pneumonia [ 108 ] 
and respiratory syncytial virus infection [ 109 ]. 
Because the majority of bacteria, fungi, and 
viruses are either anaerobic or can grow in anaer-
obic conditions either by fermentation or using 
nitrate and nitrite as terminal electron acceptors, 
it appears that hypoxia is not a deterrent to their 
growth, and may in fact enhance growth by 
depression of lymphocyte function and adaptive 
immunity [ 94 ]. Interestingly, a 14-day hypobaric 
exposure to 18,000 ft in mice likely to up- 
regulate HIF-1 alpha in all leukocytes reduced 
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mortality from pneumococcal infection when the 
animals were infected under normoxic condi-
tions when compared to mice not given the 
hypoxic preexposure [ 110 ]. 

 There has been very little work on the effect of 
altitude on vaccine effi cacy, but one study in 
healthy persons living at 16,000 ft showed equiv-
alent specifi c antibody response to polysaccha-
ride C of  N. meningitides  compared to a group 
vaccinated at sea level. The same fi ndings were 
observed in normoxic mice and those maintained 
in a hypobaric chamber at a barometric pressure 
of 360 mmHg [ 111 ]. 

 The immune system can recognize neoantigens 
on malignantly transformed cells as foreign and 
act to repress tumor growth and metastatic spread. 
It is reasonable to ask whether the immune-modu-
lating effects of hypoxia might also extend to the 
immunosurveillance of cancer. Dendritic cells and 
lymphocytes are critical  elements in host defense 
against malignancy and the functions of both are 
altered with hypoxia. When mice were studied at 
4,500 m, spontaneous lung tumors [ 112 ] and met-
astatic spread of experimental- injected cancer 
cells [ 113 ,  114 ] were greater than in mice at sea 
level. In contrast, epidemiological surveys of can-
cer incidence and altitude fi nd in general that more 
modest altitudes (2,100–3,500) may be associated 
with decreased cancer rates than in low altitude 
(<200 m) populations. For all cancers, breast can-
cer, respiratory tract cancers, and non-Hodgkin 
lymphoma in the United States, there appears to be 
about a 10–20 % lower standard mortality rate 
(SMR) in people living above 2,100 m [ 115 ]. 
These recent data confi rm earlier work, which also 
found lower SMRs for leukemia, oropharyngeal 
cancer, and gastrointestinal and multiple myeloma 
[ 116 – 118 ]. The only cancers to show a greater rate 
at higher altitudes are melanoma likely due to 
greater UV radiation exposure [ 119 ], carotid body 
tumors or chemodectomas [ 120 ], and placental 
chorioangioma [ 121 ]. As with infections at high 
altitude, other environmental, socioeconomic, cul-
tural, and ethnic aspects of life are diffi cult to con-
trol as possible confounding factors. Although 
hypoxia in general may depress lymphocyte- 
mediated functions involved in cancer recognition, 
hypoxia and HIF-1 alpha stimulation of NK cell 

tumor surveillance [ 122 ,  123 ] may be more impor-
tant and underlie the epidemiological fi ndings of 
reduced cancer at high altitude.  

    Summary 

 Exposure to high altitude is an environmental stress 
that elicits a variety of changes in the immune sys-
tem that are additionally modifi ed by neuroendo-
crine response to hypoxia. The ultimate elevation 
achieved and/or degree of the hypoxia is a primary 
factor that infl uences the extent of physiological 
stress, neuroendocrine adjustments, and immuno-
logical changes associated with exposure. 
Additionally, how physically active an individual is 
while at altitude may also play a role in the immu-
nological responses. Virtually all components of 
the immune system are affected. In general, ele-
ments of the innate immune arm appear to be 
enhanced with hypoxia in contrast to impairment in 
T-cell-mediated immunity. Despite what appears to 
more robust innate immunity with hypoxia, it 
seems that the risk of most infections is greater dur-
ing the initial days of exposure to high altitude. 
With  acclimatization, hypoxic stress is lessened as 
arterial oxygen content increases over time and 
adrenal medullary release of epinephrine returns 
toward sea level values. Consequently, T-cell func-
tion returns toward normal approaching sea level 
values and the risk of infection may decline.    It is 
important to note that any suppression, as for 
example, of T-cell function, that depends on oxy-
gen availability will improve with prolonged expo-
sure because oxygen supply of the tissues increases 
with acclimatization. There is, however, a great 
interindividual variability regarding responses and 
sensitivity to acute and chronic high altitude expo-
sure (e.g., neuroendocrine, acute mountain sick-
ness, red blood cell production). Thus, some 
individuals may be more susceptible to alterations 
in immune function and infection than others, pos-
sibly at genetic level. Future studies should focus 
on elucidating the precise mechanisms responsible 
for alterations in immune function during high alti-
tude exposure including assessment of the time 
course of these immunological changes. 
Furthermore, well designed studies are needed to 
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determine what contribution the changes in 
immune function with hypoxia have on the inci-
dence and severity of infections at high altitude, as 
well as cancer. It would be useful to know if pre-
acclimatization strategies used to enhance physical 
performance at high altitude might also lower 
infectious risks for those going to high altitude.     
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    Abstract  

  Like studies on isolated cells and tissues studied under hypoxic conditions, 
studies on men and women at altitude show a preference for carbohydrate-
derived fuel energy sources (glycogen, glucose, and lactate). When dietary 
energy is adequate to cover need, at altitude working muscle utilizes little 
lipid. Classical concepts of a “Lactate Paradox” invoking a “Pasteur Effect” of 
presumed anaerobic metabolism are not supported by studies utilizing con-
temporary techniques. If anything, lactate shuttling is prominent at altitude, 
with lactate being produced in diverse tissue beds and serving at least two 
functions at altitude: lactate is a preferred fuel in working muscle and lactate 
is the major gluconeogenic precursor in support of glycemia at altitude. 
A third role of lactate, i.e., that of promoting cellular adaptations at altitude by 
increasing HIF-1 expression, is also suggested in the literature. While con-
trolled laboratory studies show clear preference for carbohydrate-derived fuels 
under hypoxic conditions, cachexia is common among mountaineers. Under 
the stresses of altitude, loss of appetite and dietary energy insuffi ciency result 
in body wasting. Relative to energy content, carbohydrate foods are less effi -
cient to carry or transport and CHO foods typically require water for cooking. 
Consequently, the tendency is to carry energy- dense, high-fat and protein 
foods at altitude. Because of the disparity between needs of the CNS and 
peripheral nerves and working muscles for CHO energy sources and dietary 
CHO supply, at altitude lean tissue is mobilized to supply gluconeogenic pre-
cursors and adipose is mobilized for glycerol (a lesser gluconeogenic precur-
sor) and fatty acids (a less- preferred, but available energy substrate). The 
accomplishments of mountaineers are remarkable in many ways. That moun-
taineers accept and manage the challenge of working under multiple stresses, 
while having to rely on less- preferred fuel energy substrates is one more 
example of their extraordinary accomplishments.  

      Nutrition and Metabolism 

           George     A.     Brooks    
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        Introduction 

 In the previous volume of the series, Gail 
Butterfi eld and I reviewed the literature on the 
acute physiological response to hypobaric 
hypoxia encountered at elevations above 
10,000 ft [ 1 ] following our extensive metabolic 
studies on men [ 1 – 8 ] and her similar studies on 
women on Pikes Peak [ 9 – 12 ]. In this update, I 
will draw seemingly disparate threads together 
from the efforts on Pikes Peak and the results of 
others to arrive at a new and perhaps better under-
standing of the dietary needs at altitude. In brief, 
it comes down to a matter of an extra 500 kcal/
day for men at 4,300 m and perhaps even more at 
altitudes above 5,500 m. Consistent with the abil-
ity of women to maintain metabolic homeostasis 
when faced with an exercise challenge at sea 
level [ 13 ,  14 ], the energy defi cit for women at 
4,300 m was less than half that of men [ 15 ]. 
Although little explored, persistence at altitude 
and the ability to maintain glycemia are likely 
attributable in good part to the ability of the liver 
and kidneys to maintain glycemia by means of 
gluconeogenesis. Comparing data from various 
sources shows that so long as daily dietary energy 
intake is adequate at altitude, working muscle 
runs on CHO-derived fuels [ 6 ,  16 – 18 ], while the 
rest of the body largely utilizes fat for energy. 
And, during the remainder of the non-exercise, 
non-climbing parts of the day, the whole the body 
depends on the catabolism of lipid and protein 
stores to support energy substrate supply and glu-
coneogenesis. Hence, profound losses of total 
and lean body mass (LBM) can occur in lowland 
natives at altitude. Several factors contribute to 
energy defi cits and body wasting at altitude. First, 
altitude exposure is associated with loss of appe-
tite and undernutrition. Second, basal energy 
expenditure is elevated, likely due to sympathetic 
activation [ 5 ,  19 ]. And third, the energy expendi-
ture of exercise [ 14 ] during climbing can be high, 
even if VO 2 max is half or one third of that at sea 
level. Again, because every given effort is accom-
plished at a higher relative effort as given by 
%VO 2 max, the greater the ascent, the greater 
the demands on muscle glycogen, blood glucose, 

gluconeogenesis, and CHO nutrition. Inadequate 
energy intake and increased need force a shift 
toward catabolism of body protein and fat stores, 
resulting in body wasting and use of less oxygen-
effi cient fuels. Accordingly many of the “chronic” 
physiological responses in energy substrate utili-
zation attributed to altitude exposure represent 
the consequences of malnutrition plus hypoxia, 
and not hypoxia alone. That mountaineers are 
capable of incredible metabolic adaptability by 
simultaneously managing high and extreme 
 altitudes, while malnourished is a tribute to both 
their remarkable physiology and fortitude. Still, 
loss of strength and fi tness at altitude is less 
than desirable and perhaps inadvisable if not 
dangerous. 

 There were several goals in developing the 
following narrative; fi rst as a convenience for 
the readers, key elements of the previous chap-
ter on men at altitude are reviewed; second more 
recent results including data on women at alti-
tude are presented; third an attempt is made to 
distinguish the effects of hypoxia from cachexia 
on the metabolic responses to altitude, and 
fourth dietary recommendations for physical 
activity at altitude are reviewed.    And fi nally, 
because of emerging data on the Tibetan geno-
type [ 20 ,  21 ], where possible attempts are made 
to distinguish between the effects of short-term 
acclimatization to high altitude that refl ect phe-
notypic expression and long- term, generation-
spanning adaptations in genotype to altitudes of 
4,000–5,000 m.  

    Studies Revealing the Complication 
of Malnutrition 

 In preparations for the 1988 study on Pikes Peak, 
“Men at Altitude,” our review of the extant litera-
ture and consultation with altitude sojourners and 
investigators revealed that dietary controls were 
seldom in place to support the needs of climbers 
or participants in chamber and laboratory studies. 
It was not that case that the issue of diet was 
neglected as, in some cases, investigators labored 
to provide luxurious foods. Rather, it was more 
an issue of climbers and study participants not 
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consuming suffi cient quantities of foods to cover 
energy need at altitude. From sea-level experi-
ence we know that energy insuffi ciency resulted 
in negative nitrogen balance as well as body 
weight loss. Hence, in an attempt to distinguish 
between the effects of hypoxia and malnutrition, 
planning for “Men at Altitude” and subsequently 
for “Women at Altitude” studies involved plan-
ning for dietary energy and fl uid and electrolyte 
balances.  

    Lessons from Pre-1988 Efforts 

 Acute exposure (0–24 h) to altitudes greater than 
10,000 ft has long been associated with reports of 
anorexia [ 1 ]. As well, diuresis, increased meta-
bolic energy need, and shifts in circulating levels 
of fuel metabolites in sojourners suggested that 
altitude exposure caused changes in energy sub-
strate utilization from normal sea-level metabo-
lism [ 22 – 25 ]. Accompanying altitude anorexia 
may be acute mountain sickness [ 26 ], including 
nausea and vomiting. The resultant decrease in 
energy intake contributes to weight loss as was 
documented [ 1 ,  11 ,  12 ,  19 ]. Careful assessment 
of studies in which food intake has been docu-
mented both at sea level and at altitude showed a 
fairly consistent decrement in energy intake of 
approximately 200 kcal/day in men during expo-
sure at an altitude of 4,300 m. Such a defi ciency 
in energy intake carries with it an inadequate 
intake of most other essential nutrients, compli-
cating the interpretation of research on the need 
for those nutrients in response to hypobaric 
hypoxia, as well. 

 Accompanying anorexia, diuresis at altitude is 
frequently reported [ 25 ,  27 ]. The diuresis serves 
to concentrate hemoglobin and thus improve the 
peripheral delivery of oxygen during the initial 
hours at altitude [ 28 ]. Although not rigorously 
evaluated, hemoconcentration is typical at alti-
tude and the response is considered to be a 
 mandatory part of the initial successful acclimati-
zation to altitude exposure [ 29 ]. However, more 
water loss than is necessary for appropriate adap-
tation to acute exposure may adversely affect 
performance.  

    Lessons from the Pikes Peak 
Studies: “Men” and “Women” 
at Altitude 

 The effect of the anorexia in limiting energy and 
macronutrient intake on exposure to hypobaric 
hypoxia is aggravated by the effect of raised basal 
energy expenditure in both men and women [ 15 , 
 19 ]. In the fi rst 2 days of exposure to 4,300 m 
basal energy, needs of men were elevated by as 
much as 40 % above sea-level values and declined 
over a period of 3–4 days to stabilize at about 
17 % above sea-level values [ 19 ]. The spike in 
basal energy consumption seen upon acute expo-
sure was eliminated when energy intake was 
matched to energy requirement from the fi rst day 
of exposure [ 1 ]. Hence, disregarding any increase 
in EEE due to climbing activity, in combination, 
at 4,300 m decreased energy intake and increased 
BEE can result in a 500 kcal/day energy defi cit in 
men [ 12 ] but less than half that [ 19 ] in women 
[ 15 ]. Over time, such nutrient defi cits have the 
potential to result in signifi cant changes in body 
mass and composition, outcomes seen regularly 
in mountaineers and uncontrolled experiments. 

 Eating to maintain body mass and strength at 
altitude is easier said than done and requires not 
only planning but also logistical support and educa-
tion of investigators and study participants alike. 
Nevertheless, in the 1988 and 1991 Pikes Peak 
studies on men [ 19 ] and subsequent studies on 
women [ 15 ], it was possible to maintain energy and 
nutrient balance in subjects at altitude. This asser-
tion is supported by the preservation of body weight 
[ 1 ] and nitrogen balance [ 1 ]. Because the measures 
of body composition are complicated by shifts in 
body water at altitude, Nitrogen balance is the most 
sensitive measure of LBM and energy balance [ 30 ]. 
Indeed, the data provided    by Butterfi eld and associ-
ates [ 15 ,  19 ] are unique in the fi eld and of unrivaled 
importance as nitrogen balance measurements 
involving the collection of urine and feces, and their 
subsequent analysis, are seldom, if ever, attempted. 

 Within the context of appropriate nutritional 
controls, we utilized indirect calorimetry, stable 
isotope tracers, and mass balance measurements 
for metabolites and tracers to determine the 
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effects of acute and chronic hypoxia on muscle 
substrate utilization at altitude. Our results 
obtained on men showed a shift toward carbohy-
drate [ 2 ,  3 ,  17 ,  18 ,  31 ] and away from lipid 
 (adipose and intramuscular triglycerides [IMTG]) 
[ 6 ,  7 ]. Those results are strikingly similar to those 
reported on dogs made to breathe hypoxic gas 
mixtures during treadmill running [ 32 ]. As well, 
with cells studied in culture [ 33 ], and perfused rat 
hindlimb muscles hypoxia is a major stimulus to 
glycolysis [ 34 ,  35 ]. The controlled experiment, 
laboratory-based Pasteur-like effect of hypoxia 
on the balance of substrate utilization in con-
trolled experiments stands in sharp contrast to 
“conventional wisdom” which interprets hypo-
glycemia and hyperlipidemia in mountaineers to 
refl ect decreased glucose and increased lipid 
metabolism during exercise. 

 In neither the experiments we conducted nor 
those of others does there appear to be a problem 
at altitude with regard to glucose or free fatty acid 
(FAA) delivery at altitude. In response to hypox-
emia, cardiac output and tissue perfusion increase 
[ 8 ]. As blood fl ow increases to maintain arterial 
O 2  delivery, it also increases arterial delivery of 
all substrates, including glucose, during rest and 
exercise. Thus, within the fi rst several hours of 
altitude exposure, arterial glucose level is unaf-
fected and decreases only slightly (5–7 %) after 
chronic exposure [ 2 ,  7 ]. 

 In our experiments we studied glucose kinet-
ics by using D2- and [1- 13 C]glucose [ 6 ,  7 ,  17 ,  18 ] 
and [3- 13 C]lactate tracers. As well, we deter-
mined muscle uptake by measuring limb blood 
fl ow and arterial–venous (a–v) differences for 
metabolites and tracer isotopomers during rest 
and a standard exercise task (leg ergometer 
cycling at 100 W which elicited approximately 
50 % of sea-level VO 2 max and 65 % of altitude 
VO 2 max). This power output was selected 
because it affords steady-state conditions elicit-
ing constant arterial metabolite concentrations 
and isotopic enrichments and allows whole body 
as well as working limb (leg) oxygen consump-
tion [ 2 ] to be maintained equivalent to values at 
sea level. Important also from the standpoint of 
the Crossover Concept [ 16 ], and the purported 
effect of hypoxia on sifting energy substrate use 

to CHO-derived fuels, is that a task requiring 
50 % of VO 2 max at sea level requires 65 % of 
VO 2 max at altitude [ 2 ], the effect of which is to 
increase CHO dependence whether measured by 
pulmonary gas exchange or isotope tracers. Our 
results [ 2 ,  7 ] indicate that both tracer measured 
glucose disposal and limb net glucose uptake are 
increased during rest and exercise at altitude. 
Upon acute altitude exposure, limb blood fl ow 
increases over sea level, and it is not possible to 
detect any immediate increase in the (a–v) differ-
ence for glucose which is small at rest and 
decreases during exercise as the relative gain in 
muscle blood fl ow exceeds the gain in glucose 
uptake. Therefore, during exercise at altitude, 
glycemia and tissue glucose delivery is main-
tained. Hence, muscle glucose uptake is not lim-
ited by delivery during rest or exercise. That the 
Crossover Concept model describes energy sub-
strate partitioning in individuals exercising at 
altitude as well as sea level is also to be found in 
the results of others [ 36 ].  

    The Lactate Shuttle at Altitude 

 Our understanding on the subject of lactate 
responses to altitude benefi ts from the perspec-
tive of the “Lactate Shuttle” hypothesis [ 37 ] pos-
iting that lactate is the metabolic intermediate 
that links glycolysis to mitochondrial substrate 
utilization. As well, because lactate–pyruvate 
interactions affect cell redox status and because 
lactate can serve as a reactive oxygen species 
(ROS) generator [ 38 ], lactate can act a signaling 
molecule, a “lactormone.” From our experiments 
conducted on subjects exercising at high altitude, 
we concluded that an elevation in circulating lac-
tate is one of the compensatory adjustments to 
the stresses of exercise and environment. And, 
though seemingly at odds with previous views on 
the causes and consequences of lactacidemia at 
altitude, our results and conclusions are similar to 
those of Gutierrez et al. [ 39 ], who showed 
hypoxia increased lactate uptake by rabbit mus-
cle in situ, and Zinker et al. [ 32 ] who showed that 
hypoxia increased muscle lactate uptake in work-
ing dog muscle. 
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 To know lactate production during rest and 
exercise at sea level and at high altitude, we used 
[3- 13 C]lactate tracer in combination with 
D2-glucose to evaluate the infl uences of altitude 
and exercise on carbohydrate utilization in men. 
Although we were unable to establish that work-
ing muscle was singularly responsible for blood 
lactate appearance during exercise, it is clear that 
the elevated circulating lactate level during exer-
cise at constant power and VO 2  was attributable 
to increased lactate production [ 1 ] in working 
muscles and other tissues [ 3 ,  17 ]. The obvious 
candidate of an extra-muscular tissue supporting 
systemic lactate Ra during exercise is the liver. 
Enhanced hepatic lactate release and muscle 
uptake has previously been demonstrated in 
hypoxic running dogs [ 32 ], but hepatic lactate 
release has not been observed in exercising 
humans [ 31 ]. Possibly, adipose [ 40 ] and skin [ 41 ] 
are involved. That diverse tissues contribute to 
the circulating lactate level, thereby providing 
and energy fuel substrate to working muscle and 
other tissues at altitude, is a departure from con-
ventional belief. 

 During the continuous, submaximal exercises 
we have studied, net lactate release from working 
muscle is responsible for the initial rise in circu-
lating lactate at exercise onset. However, with 
continued work at sea level, the (v–a) difference 
for lactate across muscle changes from positive 
[ 31 ] to 0 (no release) [ 1 ,  17 ]. During exercise at 
altitude, net lactate release from working muscle 
is increased over sea level, but as at sea level, the 
larger lactate release from muscle working at alti-
tude is attributable mostly to exercise onset. 
Therefore, the maintenance of stable and elevated 
circulating lactate [ 1 ] at altitude cannot be attrib-
uted solely to lactate production in working mus-
cle [ 17 ].    The extra-muscular source of lactate is 
unidentifi ed and likely will not be identifi ed with 
current methodologies unless the liver or some 
other major tissue site is involved. This is because 
as the (v–a) difference for lactate across other 
low-fl ow tissues such as skin and adipose is likely 
small and diffi cult to determine. 

 Above we emphasized the role of vascular 
conductance [= (limb blood fl ow) (arterial con-
centration)] in the delivery and utilization of 

 substrates during exercise and at altitude. However, 
in the 1988 Pikes Peak experiment in which 
we utilized, pulmonary gas exchange, [3- 13 C] 
 lactate tracer along with working muscle net 
exchange measurements and [ 3 ,  17 ] showed that 
lactate uptake in working muscle is directly 
related to arterial lactate concentration. Further, 
oxidation accounts for essentially all the lactate 
taken up by muscle working at altitude. We inter-
pret these results to mean that, contrary to previ-
ous thought, during sustained exercise upon acute 
altitude exposure, when arterial lactate concen-
tration is greatest, signifi cant consumption and 
oxidation of lactate occur in active skeletal muscle. 
Thus, as shown previously [ 42 ] the use of lactate 
as fuel source at altitude depends on availability, 
a result consistent with presence of a sarcolem-
mal lactate transporter expression [ 43 ,  44 ]. 

 Dual-isotope technology has allowed simulta-
neous measurements of glucose and lactate 
fl uxes. At rest lactate appearance (Ra) approxi-
mates 30–50 % of glucose disappearance (Rd). 
However, during even mild exercise (e.g., 
40–50 % VO 2 max at sea level) [ 2 ,  3 ,  42 ], lactate 
Ra equals or exceeds glucose Rd. As previously 
noted, altitude exposure increases glucose fl ux, 
but the increase in lactate fl ux during exercise is 
far greater than the glucose fl ux [ 18 ]. Upon acute 
exposure to high altitude, lactate fl ux exceeds the 
glucose fl ux by 4–5-fold. These data indicate a 
role for glycogen in supplying substrate during 
exercise upon acute altitude exposure in ade-
quately nourished subjects. As with the increase 
in glucose metabolism, the increase in rate of lac-
tate utilization supports the conclusion that at 
altitude, there is increased use of carbohydrate 
energy sources. 

 Upon initial exposure to altitude, resting cir-
culating FFA and glycerol levels are similar to 
those observed at sea level. However, after resi-
dency at 4,300 m, circulating FFA and glycerol 
levels rise [ 6 ]. The rise in circulating FFAs with 
chronic exposure has been interpreted as a switch 
to increased lipid utilization. Despite the eleva-
tion in circulating lipids, after a 3-week sojourn 
at 4,300 m, we observed minimal (a–v) differ-
ences for glycerol and FFA across working leg 
muslces [ 1 ] during rest and exercise. Therefore, an 
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important distinction between muscle consumption 
of FFAs and glucose and their respective circulat-
ing levels is realized. Elevated FFA and glycerol 
levels after acclimatization are largely due to 
reduced tissue uptake, an extraordinary fi nding, 
given the usual assumption that glycerol and FFA 
levels are predictive of the rate of lipid mobiliza-
tion and oxidation. 

 Given the data available indicating suppres-
sion of glycerol release and FFA uptake from 
working limbs at altitude, it is probably appropri-
ate to conclude that intramuscular lipolysis as 
well as FFA uptake is suppressed by acclimatiza-
tion. The basis for this conclusion is the absence 
of glycerol release [ 6 ].    Because skeletal muscle 
and adipose tissues lack glycerol kinase (the 
enzyme necessary to recycle to triacylglycerol), 
we can interpret the absence of glycerol release 
from muscle after acclimatization to mean sup-
pression of lipolysis within muscle. 

 The result of suppressed glycerol release also 
assists with interpretation of the acclimatization- 
imposed limits on muscle FFA uptake. Glycerol 
release in the absence of signifi cant FFA uptake 
could be interpreted to indicate utilization of 
intramuscular lipids and an acclimatization- 
imposed limitation in muscle FFA uptake such as 
could be imposed by downregulation of the sar-
colemmal FABP. However, because after accli-
matization limb muscle glycerol release is nil, for 
the present we can conclude that feed-forward 
regulation of glycolysis results in mitochondrial 
acetyl-CoA formation and downregulation of 
mitochondrial FFA uptake. For working cardiac 
muscle, it has been demonstrated that increased 
glycolytic fl ux results in activation of acetyl-CoA 
carboxylase (ACC) and formation of malonyl- 
CoA, a potent inhibitor of mitochondrial carni-
tine palmitoyl carboxylase 1 (CPT1 1) [ 16 ,  45 ]. 
Thus, we interpret our results to indicate that 
chronic altitude exposure both decreases intra-
muscular lipolysis and suppresses mitochondrial 
uptake of activated FFAs in adequately nourished 
subjects. 

 Altitude exposure and increments in exercise 
intensity both have the effect of shifting the bal-
ance of substrate toward carbohydrates and away 
from lipids [ 9 ]. In our experiments on Pikes Peak, 

we controlled the dietary status of subjects and 
we required them to perform the same absolute 
exercise tasks at sea level and altitude. We believe 
these protocols demonstrate the effects of 
hypoxia, independent of cachexia, on the balance 
of substrate utilization. 

 For the sojourner at altitude, it remains that 
altitude exposure may depress appetite and food 
availability or palatability may exacerbate this 
situation, leading to signifi cant energy defi cit. 
Therefore, the ill-prepared and ill-informed 
mountaineer, with inadequate dietary energy and 
carbohydrate, can be expected to have diffi culty 
with prolonged exercise tasks. Each task is rela-
tively more diffi cult at altitude, but the normal 
shift toward muscle glycogen and blood glucose 
with intense exercise at sea level could be lim-
ited by availability of fuel sources at altitude. 
The forced catabolism of lipid and lean tissue 
not only weakens the individual but also yields 
fuel sources with lesser enthalpies per unit O 2  
consumed and, in any case, less preferred by 
working muscle. Therefore, whether one’s per-
spective is from that of nutrition or exercise 
physiology, whether one considers the perceived 
effort or the actual effect of hypoxia on muscle 
metabolism, the primary concern should be for 
providing carbohydrate- rich foods for the alti-
tude sojourner.  

    Studies on Women Uncomplicated 
by Malnutrition 

 As described by Mawson et al. [ 15 ] and Braun 
et al. [ 9 ], altitude increased basal oxygen con-
sumption in women (Fig.  15.1 ) [ 15 ], but RER 
was depressed on exposure (Fig.  15.2 ) [ 46 ] such 
that the acute altitude effect approximated a 7 % 
increase that declined to a persistent 6 % increase 
in BMR over the SL baseline after day 6 at alti-
tude. Accordingly, the altitude-induced perturba-
tion in BEE in women approximates half that in 
men. Glucose tracer studies were conducted on 
women day 10 at 4,300 m.

    As in men, at altitude blood glucose concen-
tration rose during exercise at altitude, as did 
blood [lactate] RER. However, the increases in 
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  Fig. 15.1    Basal oxygen consumption for subjects  studied 
in luteal and follicular phases at sea level (SL) and for 
 days 2 – 12  at high altitude (HA). Values are means ± SE. 

*Signifi cantly different from SL ( P  < 0.05). From [ 15 ] 
with permission       

  Fig. 15.2    Respiratory exchange ratio during measurements 
of basal metabolic rate at sea level and on each day at 
4,300 m. Values are means ± SE. *Signifi cantly different 
from sea-level value,  p  < 0.05. From [ 10 ] with permission       

especially if relative exercise intensity was con-
sidered (Fig.  15.3 ) [ 9 ]. The previous gender dif-
ference of a lower total CHO oxidation rate, but 
similar glucose oxidation rate, and therefore, 
lesser glycogen utilization rate, was observed in 
women at altitude. In general, compared to men 
at altitude, women behaved more like trained ath-
letes at sea level.

       Insulin Resistance at Altitude 

 Greater glucose disposal rates, but unchanged 
insulin levels, imply increased insulin sensitivity 
at altitude [ 5 ]. However, by stimulating epineph-
rine, altitude exposure has the possibility to elicit 
insulin resistance. Not surprisingly, in euglycemic- 
hyperinsulinemic glucose clamp studies on Monte 
Rosa (4,559 m), Larsen et al. [ 46 ] described an 
apparent insulin resistance in subjects studied 2 
days after arrival at altitude. Similarly, in studies 
using food-tolerance tests on diet-controlled sub-
jects, Braun [ 9 ,  47 ] demonstrated reduced insulin 

glucose fl ux were less impressive in women than 
men, not really being different from the changes 
they experienced during exercise at sea level, 
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sensitivity in subjects 10 days after arrival on 
Pikes Peak. Given that tracer studies to date [ 2 , 
 7 ] demonstrate increased glucose use during 
exercise at altitude, what do observations of 
apparent insulin resistance during clamp and 
food-tolerance tests on resting subjects really 
mean? As described below, the global insulin 
resistance is a glucose-sparing mechanism that 
likely benefi ts the use of CHO- derived energy 
substrates in working muscle during exercise at 
altitude.  

    The Power of Hypoxia-Induced 
Cachexia: A Comparison of 
Results of Studies with and 
Without Dietary Controls 

 A comparison of results of studies with and 
without dietary controls may represent one 
method to distinguish between the separate 
effects of hypoxia and malnutrition on metabolism 

at altitude. To accept any outcome of such a 
comparison, wide latitude needs to be accepted 
in comparing data from studies on different 
subjects tested in different places and for dif-
ferent durations. The studies compared were 
extremely diffi cult to conduct, not only because 
of their invasiveness and technical sophistica-
tion but also because of the logistics necessi-
tating the need to collect, preserve, and 
transport samples for subsequent analysis. 
Where similarities in the results exist, the 
results are taken to be robust. Indeed, this is 
evident in a side-by-side comparison of the 
results of four studies, two on Pikes Peak, 
Colorado (4,300 m) [ 3 ,  6 ,  7 ,  17 ,  18 ], and two in 
Bolivia, one centered at Chacaltaya (5,600 m) 
[ 48 ], and the other El Alto (4,100 m) [ 49 ]. 

 Studies on Pikes Peak represented collabora-
tion among researchers at the Universities of 
Colorado and California, Stanford University, 
and the US Army Research Institute of 
Environment Medicine (USARIEM). For studies 
on Pikes Peak, the sea-level control studies took 
place at Stanford and the Palo Alto, CA Veterans’ 
Administration Medical Center, where a meta-
bolic unit with kitchen was in place. The 
USARIEM Maher Laboratory on Pikes Peak, 
where subjects were studied acutely and after a 
3-week acclimation period, also had a kitchen 
and laboratory with facilities for metabolic stud-
ies, including those for determination of nitrogen 
balance, which is the most sensitive marker of 
energy balance [ 15 ,  19 ]. From food records and 
pre-study residency in the Palo Alto, CA meta-
bolic unit, dietary energy needs of subjects were 
determined. There and on the peak, subjects were 
studied 12 h after their last meal. As described 
previously, BMR was assessed daily on Pikes 
Peak, and subjects were required to eat to com-
pensate for raised basal energy expenditure. 
Subjects were weight stable and in positive nitro-
gen balance. 

 Most investigators in the two studies in Bolivia 
were members of the Copenhagen Muscle 
Research Center (CMRC). The acclimatization 
period was longer (2 or 9 weeks), but there were 
no pre-altitude, acute exposure studies, or dietary 

  Fig. 15.3    Glucose rates of disappearance (Rd) at rest and 
during submaximal exercise. Values are means ± SE. 
SL-50 and SL-65, sea-level exercise trials performed at 50 
and 65 % VO 2 peak, respectively. Resting values represent 
mean values from two pre-exercise time points; exercise 
values represent mean values between 30 and 45 min. 
Conditions that do not share a superscripted letter ( a ,  b ) 
are signifi cantly different from each other. From [ 10 ] with 
permission       
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controls in place. In the fi rst report, subjects lost 
7.3 kg (16 lb) after 5 weeks at 5,600 m, and after 
checking with the fi rst author (G. Van Hall, per-
sonal communication), subjects were weight sta-
ble in the subsequent study at 4,100 m [ 49 ]. The 
fi rst Pikes Peak study focused on glucose–lactate 
interactions, whereas the second focused on glu-
cose–lipid interactions. The fi rst CMRC study at 
Chacaltaya also focused on glucose–lactate inter-
actions, whereas the second was focused solely 
on the lactate concentration response. To reiter-
ate, ordinarily no one would attempt to contrast 
metabolic studies when body mass and energy 
and nitrogen balances were uncontrolled. 
Nonetheless, the studies on Pikes Peak and 
Chacaltaya contain data from isotope tracers, 
limb blood fl ow, arterial–venous difference mea-
surements for glucose and lactate, and exercise 
power outputs approximated 46–50 % sea-level 
VO 2 peak, representing 62–62 % altitude 
VO 2 peak, the point at which energy supplied by 
carbohydrate oxidation predominates over that 
from lipid oxidation, and that lactate production 
and oxidation are elevated at altitude as com-
pared to sea level. Hence,  the clear message is for 
the predominance of CHO-derived fuel sources 
including lactate in working muscles of subjects 
exercising at altitude, even in subjects who had 
lost weight and had been in negative energy and 
nitrogen balances .  

    Glucose 

 Blood glucose concentration was well sup-
ported in all trials. However, blood glucose in 
resting individuals (mostly men) fell progres-
sively with duration of stay at altitude. The 
exercise response varied, but blood [glucose] 
generally rose during exercise, even as the 
pre- exercise baseline value was depressed at 
altitude. In all studies, the maintenance of 
blood [glucose] during exercise at altitude 
was supported by increased glucose produc-
tion rates (tracer- measured rate of appear-
ance, Ra).  

    Lactate 

 Lactate turnover (simultaneous production and 
removal) was prevalent during exercise, whether at 
SL or altitude. As predicted by Lactate Shuttle 
Theory, regardless of study (California, Colorado, 
or Bolivia), most lactate disposal was accomplished 
by oxidation. In the study on Pikes Peak, lactate 
oxidation was greatest on acute exposure, oxida-
tion on acute exposure was not determined in 
Bolivia. Seemingly, however, the greatest muscle 
lactate oxidation was determined in well- 
acclimatized subjects in Bolivia. Perhaps this was 
due to the use of [1- 13 C]- as opposed to [3- 13 C]lac-
tate tracer or in some way related to body energy 
storage depletion. Still, it is clear that working 
 muscles simultaneously produced, released, took 
up, and oxidized lactate, with  lactate delivery to 
working muscle providing a signifi cant portion of 
the CHO energy, and therefore, total energy liber-
ated in working muscle at altitude. As noted previ-
ously, the same effect of hypoxia increasing muscle 
lactate oxidation was observed by in dogs during 
treadmill running [ 32 ], and rabbit [ 34 ], or rat mus-
cle preparations in situ [ 35 ]. 

  Gluconeogenesis at altitude : In studies on Pikes 
Peak, gluconeogenesis (GNG) accounted for 
most of the non-oxidative lactate disposal [ 2 ]. As 
such, while most lactate was removed by oxida-
tion, GNG from lactate was a major means to 
support glycemia during exercise at altitude. The 
data available from studies on both Pikes Peak 
and in Bolivia show that glycemia is well main-
tained and that the expected shift to CHO oxida-
tion during exercise occurs irrespective of the 
adequacy of dietary energy intake. Carbohydrate 
dependence at altitude is supported by measure-
ments of pulmonary respiratory exchange [ 20 ] or 
working muscle respiratory quotient (RQ) and 
both blood glucose and lactate fl uxes at altitude 
compared to sea level. Admittedly the studies in 
Bolivia lacked pre-altitude exposure and acute 
altitude exposure trials, but the fi ndings of 
increased CHO (glucose, glycogen, lactate) use 
at altitude were suffi ciently robust to overcome 
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 differences in subject treatment. The ability to 
maintain  glycemia and total body and working 
muscle CHO fuel oxidation even in the face of 
dietary deprivation is truly an amazing phenome-
non that is dependent on hepatic and renal 
gluconeogenesis. 

  The liver at altitude : The persistence of CHO 
oxidation in working muscle is supported by the 
increases in glucose and lactate fl uxes as well as 
the increase in hepatic gluconeogenesis, largely 
from lactate. Working muscles and other tissues 
[ 17 ,  31 ] release lactate for consumption by the 
gluconeogenic organs (liver and kidneys) as well 
as the working muscles. Systemic lactate is con-
verted to glucose supplying 22–28 % of the glu-
cose Ra during rest or exercise. Elevated 
precursor (i.e., lactate) supply during exercise at 
altitude helps support hepatic GNG and hence 
glycemia. As well, the catabolism of lean tissue 
under conditions of dietary inadequacy at altitude 
serves to supply gluconeogenic amino acids. 
Thus, these data unmask the liver as a major 
organ supporting life and exercise at altitude. 
There are both temporal and tissue considerations 
in considering the role of liver in energy substrate 
partitioning at altitude. 

    Whether the individuals exposed to moderate 
or extremely high altitudes are participants in 
research studies, whether the individuals are 
climbers exposed because of other reasons, and 
whether or not dietary controls are in place, the 
liver needs to perform. As shown by the high 
muscle blood fl ows, glucose and lactate uptake 
rates, and RQs during exercise at altitude, during 
exercise, CHO energy reserves stream to and 
center in working muscle. This means that during 
exercise, the remainder of the body needs to 
become glucose and insulin resistant and persist 
on lipid energy sources. Indeed the glucose clamp 
studies of Larsen et al. [ 46 ] and the food- tolerance 
test results of Braun et al. [ 9 ] support the notion 
of restricted glucose use by nonworking (muscle 
and other) body tissues at altitude. This also 
means that during the non-exercise (non- 
climbing) parts of the day, CHO oxidation needs 
to be minimized and alternative fuels such as 
FFAs and amino acids need to be provided from 
the catabolism of body adipose and protein 

reserves. Results for the CMRC investigators in 
Bolivia are taken to mean just this. They show 
robust lactate production and lactate and total 
CHO oxidation in sojourners even after signifi -
cant weight loss [ 48 ,  49 ]. The complex physio-
logical interactions brought on by altitude 
exposure involving cachexia and hypoxia have 
yet to be understood. As a fi rst step, Friedlander 
and Fulco undertook a study in which one cohort 
of subjects were underfed at sea level, while other 
cohorts were either adequately or inadequately 
underfed at 4,300 m on Pikes Peak [ 50 – 53 ]. At 
sea level, subjects were underfed 40 % of pre-
dicted daily energy expenditure and over a 
3-week period lost 3.9 kg body weight and 2 kg 
LBM. Over the course of the 3-week period, sub-
jects maintained VO 2 max and the ability to 
 perform on a standardized leg cycle ergometer 
and other tests [ 50 ]. However, there was great 
variability in individual subject endurance capac-
ities. At 4,300 m altitude, another cohort of men 
lost 5.8 kg body weight over a 3-week period 
[ 51 ]. Again, the investigators failed to fi nd sig-
nifi cant differences in VO 2 peak or other measures 
of physical performance [ 52 ]. In sum, the results 
show great adaptability and resilience in physical 
performance in the face of signifi cant weight loss 
at sea level or altitude. But, while impressive, the 
investigators were puzzled because CHO nutri-
tion is known to enhance exercise performance at 
sea level. As a consequence, in another study on 
Pikes Peak, men lost 2.3 kg body weight over a 
10-day period [ 53 ]. Then, in a double-blind fash-
ion, half the subjects drank either a 10 % CHO 
solution or a fl avor-matched no CHO placebo 
every 15 min during a cycle ergometer time trial 
test. Those supplemented with CHO during the 
test completed in less time and at higher relative 
exercise intensities when taking the CHO solu-
tion at altitude. Apparently, CHO supplementa-
tion during exercise at altitude has the same 
ergogenic effect at altitude as it does at sea level.  

    Lipid Metabolism 

 Data on whole-body and working lipid metabo-
lism are least abundant. Nonetheless, studies 
at altitude in Colorado and Bolivia lead to a simi-
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lar conclusion. Pulmonary muscle combustion 
 quotients are high during exercise ( vide Sapra ). 
In only one study [ 6 ,  7 ] did investigators measure 
muscle net FFA and glycerol exchange rates. 
Working muscle glycerol release is a surrogate 
for lipolysis of IMTG as glycerol is neither oxi-
dized nor used for reesterifi cation in myocytes or 
adipocytes. Unique data on working muscle FFA 
uptake at SL show small, but signifi cant, working 
muscle FFA uptake. However, this uptake is 
diminished at altitude and with time at altitude. 

 \    Pulmonary respiratory exchange ratios, muscle 
respiratory quotients, and energy substrate parti-
tioning during rest and exercise at sea level and 
altitude : Both combustion coeffi cient measure-
ments decline over time at altitude, whether 
obtained during rest or exercise. Resting muscle 
RQs indicate a rough equivalence of CHO and 
lipid oxidation at rest. However, during exercise 
at altitude working muscle RQs exceeded pulmo-
nary RERs and RQs were close to unity. 
Accordingly, the data can be interpreted to indi-
cate the presence of a shunt of CHO-related sub-
strates to working muscle at SL and altitude and 
predominance of muscle CHO oxidation during 
exercise at SL and altitude. RQ measurements are 
admittedly diffi cult to make, but the data are more 
numerous than measurements of muscle FFA 
uptake and oxidation. Nevertheless, like FFA 
uptake and glycerol release data, working muscle 
RQ data show little lipid oxidation in working 
muscle at altitude. This is apparently true for sub-
jects in energy and nitrogen balance as well as 
those who lost signifi cant body mass at altitude.  

    Hypoxia-Inducible Factors 
Signaling and Lactate 
Shuttling at Altitude 

 Chapters   1     and   2     of this volume describe cellular 
and molecular mechanisms of O 2  sensing, and 
readers are referred to these chapters because 
oxygen sensing via hypoxia-inducible transcrip-
tion factors (HIF) has multiple effects, including 
long- and short-term effects on metabolic 
enzyme regulation and expression [ 54 – 59 ]. As a 
whole, considerable evidence exists to support 

the conclusion that acclimatization to the 
hypoxia of high-altitude exposure involves 
HIF-signaling and the expression of a more gly-
colytic phenotype [ 60 ]. Indeed, generations of 
exposure to the hypoxia of high altitude may 
well have affected human adaptation to altitude 
in Tibet [ 21 ]. Hence, hypoxia-inducible factors 
have been termed “master regulators of hypoxic 
 signaling.” Because there are several arms of 
HIF-signaling, one of stimulating glycolytic 
adaptation, another of stimulating mitochondrial 
adaptation, and another stimulating circulatory 
responses via changes in erythropoietin (Epo) 
and vascular endothelial growth factor (VEGF), 
reiteration of some of what is known is appropri-
ate here as it fi ts with what is know from studies 
of lactate shuttling [ 3 ,  17 ] and its interactions 
with glucose [ 2 ,  18 ] and fatty acid metabolism at 
altitude [ 6 ,  7 ]. 

 As described by Semenza and associates [ 54 –
 56 ], and reiterated by others [ 60 ], HIF-1 is a 
 heterodimeric protein that is composed of an O 2 -
regulated HIF-1α subunit and a constitutively 
expressed HIF-1β subunit [ 61 ]. The levels of 
HIF-1α protein increase as O 2  concentration 
declines, with changes in HIF-1α protein being 
the result of O 2 -dependent ubiquitination and 
proteasomal degradation of HIF-1α. 

 At the cellular level, HIF-signaling promoted 
development of a glycolytic phenotype by at least 
two mechanisms. First, HIF-1 contributes to 
increased glucose use in most tissues and 
increased glucose uptake and use as well as gly-
cogen mobilization via increased expression of 
pyruvate dehydrogenase (PDH) kinase 1 (PDK1) 
[ 62 ]. As well, HIF has the effect of downregulat-
ing mitochondrial respiration [ 63 ]. Hence, at the 
mitochondrial level HIF-signaling has the effect 
of moderating glycolytic fl ux to the TCA cycle, 
thereby giving rise to lactate production and 
affecting cytosolic redox status, further promot-
ing glycolytic fl ux and lactate production, all of 
which are seen at altitude [ 2 ,  3 ,  16 – 18 ]. 

 Additionally, a second way that HIF-signaling 
acts is to affect the expression of muscle-type lac-
tate dehydrogenase isoforms, specifi cally LDH-A 
that has a high affi nity (low KM) for its substrate, 
pyruvate, high  V  max  and enormous  K  eq . Hence, on 
exposure to hypoxia the predisposition to direct gly-
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colytic fl ux to lactate production rather than acetyl-
Co A formation and disposal via the TCA is 
encouraged. Seen for the perspective of lactate shut-
tling to provide energy substrate and gluconeogenic 
precursor at altitude, the HIF-supported increase in 
lactate production is an advantage because lactate is 
a preferred fuel during hypoxia and the main gluco-
neogenic precursor [ 3 ,  18 ,  32 ]. Hence, lactate pro-
duced in one cell domain is useful substrate in an 
adjacent or anatomically distant cell domain. 

 In addition to affecting mitochondrial respira-
tory rate and directing glycolytic fl ux to lactate 
production [ 63 ], it has also been proposed that 
HIF-1 also regulates respiration by directing a 
subunit switch in cytochrome c oxidase that 
appears to increase the effi ciency of electron 
transfer at complex IV under hypoxic conditions 
[ 64 ]. It has been proposed that this response 
increases the effi ciency of oxidative phosphory-
lation but there is contrary evidence that changes 
in muscle oxidative capacity occur in humans as 
the result of acclimatization to altitude [ 4 ]. One 
approach to assess the effect of adaptation to alti-
tude has been to study the economy of walking of 
several ethnic groups, including high-altitude 
natives. However, those efforts were constrained 
by my methodology and did not directly address 
the issue of mitochondrial phosphorylative cou-
pling effi ciency [ 60 ]. 

 Despite the promise of HIF-signaling mecha-
nisms for explaining metabolic responses to exer-
cise [ 65 ], at present data on humans are missing 
explaining the effects of acclimatization on mod-
erating lactate production and stimulating hepatic 
and renal gluconeogenesis from lactate. As well, 
enthusiasm for one signaling factor (e.g., HIF) 
need not be interpreted to mean that alternative, 
and parallel signaling pathways (e.g., AMPK) 
[ 66 ], lactate-generated ROS [ 38 ], and changes in 
redox status [ 67 ,  68 ] are not necessary for full 
expression the altitude adapted phenotype. 

 And, fi nally before leaving the issue of HIF-1 
signaling and human acclimatization and adapta-
tion to high altitude, it needs to be acknowledged 
that the origin of modern humans is traceable to 
life in a high and dry environment as in Ethiopia 
and a signifi cant role of HIF-signaling [ 65 ]. 
Given that background, a large genomic screening 
of Tibetans with contrasts of Han Chinese and 

Danes [ 21 ] shows the major adaption in Tibetans 
to be in the expression of the gene encoding for 
endothelial PAS domain protein 1 (EPAS1, also 
known as HIF-2αI. Although promising and 
intriguing, it is unclear how increased expression 
of HIF-2α promotes metabolic, ventilatory, or 
hematological or other adaptations in families 
resident to high altitude [ 65 ]. Fortunately, such 
delineation of function is now technically possi-
ble and, hopefully, achievable in the near term. 
As well, the rapidly developing fi eld of hypox-
amirs, that is, the effects of hypoxia and deriva-
tives of hypoxia on microRNA expression, may 
provide missing insights on mechanisms of accli-
matization and adaptation to altitude, for exam-
ple, as some hypoxamirs (e.g., miR210 and 
mi273) may be induced by HIF, whereas others 
(e.g., miR20b and miR199a) may affect HIF). As 
well, there appear to be microRNAs that affect 
HIF expression independent of hypoxia [ 69 ].  

    Cachexia, Dietary Composition, 
and Malnutrition at Altitude 

 Cachexia (appetite suppression and loss of body 
mass wasting syndrome subsequent to loss of 
appetite) is common at altitude, and as predicted 
by the Crossover Concept, hypoxia shifts energy 
substrate partitioning toward increased used of 
CHO-derived fuels. But, is malnutrition and 
wasting syndrome inevitable if dietary CHO is 
emphasized? 

 Contrasting results of our efforts [ 11 ,  12 ,  15 , 
 19 ] alongside past and more recent efforts of oth-
ers [ 26 ,  48 ], we are left at an impasse regarding 
the effects of undernutrition on the physical per-
formance of sojourners at high and extreme alti-
tude [ 52 ]. It may be that a talented scientist and 
accomplished dietitian can create an environment 
in which body wasting syndrome is prevented at 
4,300 m altitude. Additionally, it may be that in 
such an environment, physical performance can 
be promoted by providing a high carbohydrate 
diet [ 53 ]. However, looking at the literature as 
a whole, such achievements can be character-
ized as extraordinary, as opposed to typical. 
For instance, an important lesson may be found 
in a recent report describing their efforts to 
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raise dietary CHO composition during a 21-day 
expedition in the Himalayas [ 26 ]. In their report 
Macdonald et al. concluded that dietary CHO 
supplementation did not prevent weight loss at 
extreme altitudes. In evaluating the data from that 
expedition, it is appropriate to judge that because 
climbers lost body mass they were malnourished, 
and not supplemented at all. Still, the alternative 
explanation may be that appetite suppression at 
extreme altitude is subject to powerful endocrine 
signaling mechanisms [ 51 ,  70 ] that are so perva-
sive with powerful effects on CNS function [ 71 ] 
that cachexia is inevitable at extreme altitude.  

    Nutrient Recommendations 
for High Altitude 

 Based on our previous results and more recent 
data of others, the previous recommendation of 
increasing daily energy intake above appetite by 
emphasizing carbohydrate-rich foods [ 11 ,  12 ] 
remains the recommendation. If cachexia pre-
vents adequate energy intake from sojourners on 
a high-CHO diet, then the addition of energy- 
dense foods needs to be considered. The recom-
mendation is based on part by the decrease in 
energy intake resulting from AMS and cachexia, 
in part by increase basal energy expenditure, and 
in part by the need for exercise energy expendi-
ture at altitude.    Responsibility for adequately 
provisioning food and water to meet needs of 
altitude sojourners is to be placed on organizers 
of high-altitude expeditions who need to arrange 
logistics and education of climbers who will be 
physically active at altitude, experience elevation 
in BMR and become cachexic, and need to under-
stand the need for adequate nutrition and hydra-
tion at altitude. 

 The present analysis of data from the two 
research groups, one working on Pikes Peak, and 
the other in Bolivia, seemingly at odds over rele-
vance of archaic terms (e.g., the Lactate Paradox), 
once again shows the importance of CHO energy 
for working under stress. That CHO-derived 
energy sources (glycogen, glucose, and lactate) 
remain as prime energy sources in working muscles 
of humans at altitude, even in undernourished 

sojourners, illustrates adaptability of diverse 
organ system, including the liver and perhaps 
also kidneys. As well, the ability of lowland 
natives to succeed at altitude physically speaks to 
their courage and dedication. However, body 
wasting cannot be considered a goal. Given what 
has been demonstrated in research in a few 
research studies and repeatedly in mountaineer-
ing as well as sea-level athletics, loss of some 
body mass to fuel the working muscles is tolera-
ble and perhaps advantageous. Over time, how-
ever, major depletion of body reserves of energy 
and tissue mass could put altitude sojourners at 
risk. Hence, in an attempt to minimize the accrual 
of an energy defi cit at altitude, “an extra choco-
late bar, or two or three a day (adding at 500 kcal 
at moderate 4,300 m., and more at altitude 
extremes) could keep the rescuer away.” That 
said, questions arise concerning the high-fat and 
solid nature of chocolate in comparison to the 
macronutrient compositions of other foods, and 
further, the recommendation unmasks the pres-
ence of numerous decisions that are made in pro-
visioning sojourners at altitude. The sugar and fat 
contents of chocolate are high, and the food is 
energy dense. On one hand, palatability of choco-
late at altitude may assist in resisting the effects 
of cachexia. But, on the other hand, while the 
energy density of chocolate is good in terms of 
providing calories, the organoleptic effects of a 
solid, as opposed to a liquid food, food may serve 
to displace interest in other solid foods, such as 
occurs at sea level [ 72 ,  73 ]. Perhaps a more via-
ble idea would be the addition of liquid meals 
(e.g., Ensue or Muscle Milk) to truly add to (i.e., 
supplement) the diet at altitude. However, it 
remains to be seen if diffi culties of provisioning 
liquid meal supplements outweigh the benefi ts.     
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 Aerobic Power, Submaximal 
Exercise Performance, and O2 
Transport at High Altitude

 The Response of VO2max and 
Submaximal Performance to Altitude 
Exposure

Maximal oxygen uptake (VO2max) is the product 
of the total quantity of blood transported to the 
tissues by the heart (i.e., cardiac output, Q)  

and the difference in systemic arterial and 
venous O2  content (CaO2 and CvO2, respec-
tively). This is referred to as the Fick equation: 
VO2max = Q × (CaO2 − CvO2). Altitude-related 
adjustments in any of these parameters will 
affect VO2max, and as described in the follow-
ing sections both Q and CaO2 are reduced at 
 altitude, whereas oxygen extraction is main-
tained. First the response of VO2max and sub-
maximal exercise performance to altitude is 
described, and subsequently the underlying 
mechanisms are discussed.

The solid line in Fig. 16.2 illustrates the curvi-
linear relationship of the measured decrease (%) 
in VO2max with increasing degree of altitude. 
Data were obtained from 67 research studies car-
ried out in acute hypoxia (laboratory or at altitude) 
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Abstract

Altitude has substantial effects on sport and exercise performance. This is 
the consequence of two domains; (1) physiological and (2) physical. 
A reduction in barometric pressure decreases partial pressure of inspired 
oxygen and thereby partial pressures and contents at every step along the 
oxygen cascade (Fig. 16.1). Thus the availability of oxygen at the mito-
chondrial level to produce ATP via oxidative phosphorylation is also 
reduced. This requires adjustments within the oxygen transport cascade 
for a given workrate and affects the maximal attainable oxygen uptake 
(VO2max) and hence compromises endurance. In contrast, the decrease in 
air density reduces air resistance which will facilitate high- velocity perfor-
mances such as sprint running and throwing events. Various forms of alti-
tude training have been proposed to increase sea level exercise endurance 
capacity and these will be discussed.
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or after exposure to hypoxia (laboratory or altitude) 
of varying duration. In general a decrease in 
VO2max is observed from approximately 1,500 m 
upwards, and thereafter by a ≈1 % reduction for 
every 100 m of altitude gained [1], but this may 
vary greatly, and should only be seen as a rough 
estimate. For example, on average, VO2max 
declines by about 9 %, 14 %, 24 %, and 32 % at 
2,000, 3,000, 4,000, and 5,000 m, respectively. 

At the summit of Mount Everest at 8,850 m the 
reduction in VO2max is approximately 80 %, and 
thus leaves not much exercise capacity left for 
climbing. When men and women are matched to 
sea level aerobic fitness level, there is generally 
no difference in the altitude-induced decline in 
VO2max. In elite athletes a decrease in VO2max 
has been observed at altitudes starting as low as 
580 m [2]. As mentioned above a decrease in 

Fig. 16.1 Oxygen cascade 
at rest from the atmosphere 
to the femoral vein. The 
values of inspiratory O2 
pressure (PIO2), alveolar PO2 
(PAO2), arterial PO2 (PaO2), 
estimated mean capillary 
PO2 (PcO2), and femoral 
vein PO2 (PFVO2) are 
represented during exercise 
on the cycle-ergometer 
during exercise in normoxia 
(black bars), acute hypoxia 
(light grey bars), and 
chronic hypoxia (grey bars). 
Adapted from [120]

Fig. 16.2 Changes in 
VO2max with changes in 
altitude. Each of the 146 
point represents the 
average VO2max decre-
ment of a group of test 
subjects participating in 
one of 67 research studies 
conducted at actual or 
simulated altitudes from 
580 to 8,848 m. Since each 
data point is a mean value 
of many intrastudy 
individual determinations 
of VO2max, the drawn 
regression line represent 
thousands of VO2max test 
values. From [18]. The 
figure is printed with 
permission

C. Lundby
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VO2max at this elevation is normally not the case 
for the majority of human beings, and one of the 
biggest contributors to the variation in the decline 
in VO2max at altitude is aerobic fitness level 
before exposure. Figure 16.3 illustrates the dif-
ference in the decline of VO2max in trained vs. 
untrained subjects. The difference may become 
substantial; for example at 4,000 m a trained indi-
vidual’s VO2max may be decreased by 22 % 
whereas an untrained individuals VO2max may 
only be decreased by 13 %. However, also the 
opposite has been observed. An individual with a 
VO2max of 82 mL min−1 kg−1 at sea level was 
reduced with only 6 % with acute exposure to 
2,500 m, whereas another individual with a 
VO2max of 63 mL min−1 kg−1 was reduced by 
14 % at the same level of hypoxia in the very 
same study [3]. Hence, although it is generally 
accepted that athletes are relatively more limited 
at altitude as compared to less-trained individu-
als, the response is certainly not uniform. 
In line with this, Wehrlin and Hallen [4] have 
extended this body of knowledge by analyzing 
studies which included male, unacclimatized 
endurance-trained athletes with a mean 
VO2max > 60 mL min−1 kg−1. In this population 
VO2max was reduced by 7.7 % per 1,000 m 

 altitude. Furthermore, in an attempt to find a 
threshold altitude for reduced VO2max in indi-
vidual athletes, they observed a quite uniform 
and highly linear decline in VO2max at altitude, 
beginning as low as 800 m altitude and extending 
through 2,800 m with a decline of 6.3 % per 
1,000 m altitude. The greater decrease in VO2max 
of trained vs. untrained humans seems to be 
dependent on a higher degree of arterial desatura-
tion occurring in the more trained male and 
female subjects [2, 5], and this is the consequence 
of greater capillary diffusion limitation and 
ventilation- perfusion mismatch [6].

 VO2max and Submaximal Exercise 
Performance Following 
Acclimatization

Whether VO2max is increased significantly with 
acclimatization has been debated for decades. 
Various factors such as the ability to maintain 
training intensity/volume and the amount of 
altitude- dependent muscle wasting are potential 
confounders. Also a different fatigue pattern at 
different altitudes may explain some of the con-
troversies. Recent studies have revealed that from 

Fig. 16.3 The effect of 
sea level physical fitness 
on VO2max decrement at 
high altitude. White circles 
and dotted line = Trained 
individuals 
(VO2max > 63 mL  
kg−1 min−1), and black 
circles and broken 
line = untrained individuals. 
From [18]. The figure is 
printed with permission
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a certain threshold altitude, the origin of fatigue 
during exercise is shifted from being of predomi-
nantly peripheral to a centrally mediated origin 
(see more below) [7]. With degrees of hypoxia 
where the O2 transport system may not be the 
main limiting factor for VO2max, it makes sense 
that restoring, or even surpassing, sea level CaO2 
does not increase VO2max. In an attempt to 
reduce any potential negative influence of alti-
tude acclimatization on VO2max, recent studies 
have been performed with acute hypoxic expo-
sure before and after 1–2 months of erythropoie-
tin (Epo) treatment. Following Epo treatment 
CaO2 was significantly increased at maximum 
exercise at sea level, 1,500, 2,500, 3,500, 4,100, 
and 4,500 m [8, 9], but VO2max only increased 
from sea level up to 3,500 m, but not at 4,500 m. 
These experimental laboratory data support the 
observation that VO2max may increase with 
acclimatization to altitudes below 3,500–4,000 m 
[10, 11], but not above [12–14], although excep-
tions have occurred [15]. It should be recognized 
however that most of these studies include low 
subject numbers, and that clear-cut conclusions 
are difficult to draw. In some studies, acute expo-
sure to altitudes above 5,000 m decreases 
VO2max more than in chronic hypoxia, and thus 
a small increase may be observed with acclimati-
zation. One reason here for could be an underes-
timated VO2max obtained in acute hypoxia 
because most subjects don’t tolerate this degree 
of stress well, i.e., the increase in VO2max with 
acclimatization to such altitudes may merely just 
be a case of tolerating the stress better, or because 
the degree of central fatigue has become less with 
acclimatization (see also below).

Unlike VO2max, submaximal exercise perfor-
mance is increased in several investigated alti-
tudes. Endurance time to exhaustion performed 
at 4,300 m at a given power output increased by 
45 % on day 10 [16] and by 59 % on day 16 [15] 
compared to day 2 in individuals with VO2max of 
approximately 49 mL min−1 kg−1. At 2,340 m alti-
tude time to exhaustion performed at 80 % of sea 
level maximal attainable workload during a 
VO2max test was decreased by 25 % as compared 
to sea level on day 1 at altitude, but increased 
with acclimatization by 6 % on day 7, and by a 

further 5.7 % and 1.4 % after 14 and 21 days at 
altitude, respectively [11]. In the experiments 
conducted at 4,300 m altitude the increase in sub-
maximal exercise performance occurred without 
a concomitant increase in VO2max, whereas the 
augmented submaximal exercise capacity 
reported to occur at 2,340 m correlated well with 
a similar time-dependent increase in VO2max. 
Therefore the increased submaximal exercise 
capacity at the lower altitude could be associated 
with a gradual reduction in relative exercise 
intensity, whereas this cannot be the case at the 
higher altitude. This is supported by the finding 
that submaximal exercise to exhaustion time was 
not altered with acute or chronic (16 days) expo-
sure to 4,300 m as compared to sea level perfor-
mance, if performed at the same relative exercise 
intensity [17]. One of the most likely causes for 
increasing submaximal exercise performance 
without a concomitant increase in VO2max could 
be related to the restored CaO2 resulting from 
hemoconcentration and ventilatory adaptation 
that allow a given VO2 to be achieved with a 
lower Q, and thereby reducing cardiac work.

The altitude-induced changes in VO2max and 
submaximal exercise performance obviously 
affect sport performance. In events lasting 
approximately 2 min (i.e., 800 m running) and 
longer the reduction in performances becomes 
greater the longer the duration of the event [18]. 
In general, acclimatization to altitude increases 
event performance by approximately 2–3 % 
within 2–3 weeks, but will never reach sea level 
values. On the other hand, events lasting less than 
approximately 2 min (or events performed at 
very high speeds, see below) may improve at alti-
tude. The reason here for is the decrease in air 
density, which parallels the reduction in baromet-
ric pressure, and hence reduces air resistance. 
This is especially important in contests where the 
main obstacle to surpass is air resistance such as 
in throwing events, or in events performed at high 
speeds when air resistance quadruples when 
speed is doubled such as track cycling. Theoretical 
work suggests that although VO2max and sub-
maximal exercise performance are drastically 
reduced at 2,500 m, this may be the optimal alti-
tude to pursue the 1 h solo cycling record because 
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the advantage of the reduced air resistance 
 surpasses the negative effect of reduced exercise 
capacity [19].

Sports that use mainly anaerobic capacity 
such as weight lifting will be unaffected by alti-
tude exposure, whereas throwing events will 
show increased performance because of the 
decrease in air density. At 2,300 m, the 24 % 
reduction in air density will increase the shot put, 
hammer throw, javelin, and discus distances by 
approximately 6, 53, 69, and 162 cm, respec-
tively [20], and also sprint running (60, 100, 200, 
and 400 m) times may be decreased with increas-
ing altitude because of a reduced air resistance 
and reliance on (mainly unaffected) anaerobic 
metabolism [21] although acclimatization 
improvements in skeletal muscle acid–base and 
buffering mechanisms [22] could lead to 
increased sprint performance also. Another fac-
tor to be considered is that the reduced air density 
also changes aerodynamics which for example 
affects the trajectory of a flying ball [23]. For 
example, a football kicked to spin in lateral direc-
tion for 4 m at sea level, will deviate about 0.4 m 
less at an altitude of 1,000 m, 0.8 m less at 
2,000 m, and 1.2 m less at 3,000 m, and thus 
based on prior experience at sea level, it may 
become difficult for the players to judge exactly 
where the ball will go.

 Ventilation and Exercise in Hypoxia

At altitude ventilation is increased at rest and 
during exercise. The hypoxic ventilatory response 
results in an increase in the partial pressure for 
oxygen (PAO2), and hence also increases PaO2, 
SaO2, and ultimately also CaO2. Exercise at alti-
tude is accompanied by an increase in submaxi-
mal ventilation, whereas maximal VE is generally 
not affected due to a lower VO2max in spite of 
higher VE/VO2 (Fig. 16.4). The higher the alti-
tude, the higher the hypoxic ventilatory response 
at a given metabolic rate. As compared to resting 
conditions, exercise ventilation is increased 
much more. Increased ventilation during exercise 
is not caused by the increase in relative exercise 
intensity (due to a reduction in VO2max, see 
later) but due to chemoreceptor stimulation. 
During  exercise the ventilatory response to acute 
hypoxia is sensitized by a resetting of peripheral 
chemoreceptors [24]. At maximum effort, venti-
lation (in L min−1) will be similar to those 
obtained at sea level, even at extreme elevations, 
it should be noted however, that the degree of 
hyperventilation V VA / CO2

( )  is of much greater 
magnitude. Since the last edition of the book, 
knowledge has emerged regarding the effects of 
ventilation upon locomotor fatigue in acute 
hypoxia. In an attempt to isolate the independent 

Fig. 16.4 The effect of 
increasing altitude on 
ventilation during 
incremental intensity 
exercise until exhaustion in 
lowlanders at sea level, 
with acute hypoxic 
exposure, and after 2 and 8 
weeks acclimatization to 
4,100 m. Note that the 
ventilatory response is 
increased more the higher 
the workload, and that the 
maximal attainable 
ventilation is not changed. 
Also note that exercise 
ventilation is not decreased 
with acclimatization. 
Adapted from [61]
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effects of inspiratory muscle work during 
 heavy-intensity exercise in acute hypoxia on 
locomotor muscle fatigue, Amman and cowork-
ers reduced the work of breathing by 35–80 % via 
proportional assist ventilation (PAV). In the PAV 
trials the subsequent assessment of quadriceps 
twitch force was increased by about one-third as 
compared to control trials [25]. This suggest that 
in hypoxia that inspiratory muscle work contrib-
utes significantly to the rate of development of 
locomotor muscle fatigue during exercise.

 Cardiac Output, Blood Flow, and O2 
Extraction by the Exercising Limbs

Systemic O2 transport is the product of CaO2 and 
cardiac output (Q). With acute hypoxic exposure 
when CaO2 is reduced, systemic oxygen trans-
port is maintained at rest and during submaximal 
exercise by a higher cardiac output, skeletal mus-
cle blood flow, and O2 extraction [26, 27]. At 
maximal exercise Q is reduced as compared to at 
sea level, and as a result also maximal blood flow 
to the exercising legs is reduced. Since the maxi-
mal fractional O2 extraction of the exercising 
muscles cannot precede the 90–91 % achieved 
already at sea level [13], ultimately the decrease 
in O2 delivery to the exercising muscles is the 
cause for VO2max to be reduced.

The initial increase in resting cardiac output with 
an acute exposure to hypoxia is, for the most part, a 
function of an increased heart rate (chronotropic 
response). This change is sustained by hypoxia-
dependent sympathetic activation, directly via 
 stimulation of the peripheral chemoreceptors [28], 
and vagal withdrawal, indirectly via an increase 
in ventilation. With acclimatization to altitudes 
>3,000 m (which corresponds to the commence-
ment of the relatively steep part of the oxygen 
dissociation curve), the elevation in resting heart 
rate persists, although slightly decreasing toward 
sea level after 2–3 weeks. With acute hypoxic 
exposure, β-receptor blockade diminishes most 
of the initial increase in resting heart rate. 
However, this is not the case with acclimatiza-
tion. In the course of such adaptation, heart 

rate remains somewhat elevated, even when 
administering supplemental oxygen or beta 
blockers. At altitudes above approximately 
3,000 m maximum heart rate is reduced [29]. This 
is the effect of an elevated parasympathetic ner-
vous activity, and maximum heart rate can be 
restored to sea level values by blocking parasym-
pathetic activity [30]. Interestingly, when maximum 
heart rate is restored, maximum stroke volume is 
reduced, and thus leaving maximum Q unaltered. 
It would thus seem that the regulated variable is Q 
[30]. The reason for reducing Q at maximum 
effort at altitude could be to minimize the decrease 
the transit time of the red blood cell in the pulmo-
nary capillaries in order to prevent further arterial 
desaturation, but this remains speculative [31]. 
Also the exact mechanisms causing the reduction 
in maximal Q remain uncertain.

As mentioned above the initial increase in 
resting cardiac output is not a function of an aug-
mented stroke volume. However, changes in SV 
become important with acclimatization. Since 
heart rate is consistently elevated at altitude 
(Fig. 16.5), the reduction in cardiac output noted 
above must be a consequence of a decreased 
stroke volume, and this has been confirmed in 
various studies. This reduction is mainly caused 
by a decrease in plasma volume. Since stroke 
volume is the difference between end-diastolic 
and end-systolic volumes, it can only be reduced 
if end-systolic volume is increased due to 
impaired contractile function, or if end-diastolic 
volume is reduced due to impaired left ventricu-
lar filling. Laboratory studies conducted as part 
of Operation Everest II showed that myocardial 
contractility is well preserved, even at extreme 
altitudes [32], and stroke volume is therefore 
reduced in parallel with changes in left ventricu-
lar end-diastolic volume. Such changes are sec-
ondary to a hypoxia-induced plasma (blood) 
volume reduction [33].

The reduced maximum cardiac output at high 
altitude ultimately reduces maximal blood flow 
to the exercising legs during whole body exercise 
[13]. With acclimatization to high altitude there 
is a gradual decrease in maximal leg blood flow, 
but with a concomitant gradual increase in CaO2, 
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O2 delivery to the exercising legs during exercise 
is similar throughout acclimatization (at least up 
to 8 weeks), and therefore also VO2max does not 
change from acute to chronic exposure at alti-
tudes above approximately 4,000 m [34].

 Substrate Utilization During 
Exercise at High Altitude

Resting metabolism is increased slightly with 
exposure to altitude (Fig. 16.6) and is most likely 
the consequence of an elevated energy expenditure 
caused by an elevated heart rate, ventilation, and 
other factors (see Chaps. 4, 6, 13 and 15). If this 
is not compensated for by an increase in caloric 
intake, loss of body mass will be unavoidable 
[35]. In a variety of experimental models, hypoxia 
causes a shift in substrate use in favor of glucose. 
One explanation for this phenomenon could be a 
selective advantage derived from the increased 
metabolic economy (more ATP derived per unit 
oxygen consumed; ATP/O2 ratio for carbohy-
drate = 6.0–6.3 and 5.6 for lipids) than results when 
glucose is oxidized rather than lipid or protein. 

In support of this hypothesis, after acclimatization 
to hypoxia it has been demonstrated that when 
exercising at the same absolute exercise intensity 
as at sea level, and hence at a higher relative exer-
cise intensity due to the altitude depended reduc-
tion in VO2max, that there is a high dependence 
on blood glucose as a substrate [36]. However 
since exercise intensity is of major importance 
for substrate preference during exercise, 
enhanced glucose oxidation during exercise at 
altitude could be the consequence of relatively 
higher exercise intensity. To examine the poten-
tial contribution of exercise intensity on the 
increase in glucose oxidation at altitude, we 
investigated lowlanders during 60 min cycle 
exercise at 50 % of sea level VO2max. The proto-
col was repeated in acute hypoxia and also after 
4 weeks acclimatization to 4,100 m. In the hypoxic 
conditions the 60 min exercise trial was per-
formed at the same absolute exercise intensity as 
at sea level (now corresponding to approximately 
65 % of hypoxic VO2max) and at the same rela-
tive exercise intensity, i.e., 50 % of the hypoxic 
VO2max. The results obtained from this study con-
firmed previous studies in showing an increased 

Fig. 16.5 Hear rate response to graded exercise in  
lowlanders at sea level, with acute hypoxia exposure, and 
after 2 and 8 weeks of acclimatization to 4,100 m altitude. 
Data are also shown for high altitude native Aymaras. Note 
that (1) in the lowlanders, that maximal heart rate is decreased 

with acute hypoxic exposure and that this remains 
unchanged throughout acclimatization (2) submaximal 
exercise heart rate is increased with acute hypoxic expo-
sure and is not decreased with acclimatization despite nor-
malization of arterial oxygen content. Adapted from [13]
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glucose oxidation at the same absolute exercise 
intensities, but when the intensity was reduced to 
elicit the same relative intensity as at sea level, no 
differences in substrate utilization as compared 
to sea level were observed (Fig. 16.7) [37]. This 
suggests that at least during exercise the previ-
ously observed increase in glucose oxidation 
may have been a result of the increased exercise 
intensity, and not directly caused by hypoxia.

Lactate metabolism at submaximal and maxi-
mal exercise intensities with acclimatization have 
been the origin for a lively debate since the 1930s 

[38, 39]. Based on early work the term “lactate 
paradox” was later coined and refers to a decrease 
in both the maximal attainable lactate concentra-
tion following maximal exercise, and also to a 
gradual decrease in submaximal blood lactate 
concentrations following acclimatization. These 
findings were considered paradoxical since one 
would assume maximal lactate concentrations, if 
anything, to be higher at altitude, and since at 
submaximal exercise O2 delivery to the exercis-
ing muscles remains constant with altitude expo-
sure by regulating leg blood flow and O2 extraction 

Fig. 16.6 Basal oxygen 
uptake at sea level and 
during acclimatization to 
4,300 m altitude. Adapted 
from [35]. Note that basal 
oxygen uptake is increased 
with exposure to high 
altitude. If this is not 
compensated for by 
increased caloric intake a 
reduction in body weight is 
unavoidable

Fig. 16.7 Substrate 
utilization during 
submaximal exercise at sea 
level, and again at the same 
relative and same absolute 
intensity in acute and 
chronic hypoxia. Adapted 
from [37]. Note that 
substrate utilization is only 
altered with hypoxic 
exercise if performed at the 
same absolute exercise 
intensity, but not if 
performed at the same 
relative exercise intensity
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according to demand. More recent research 
applying a–v differences across the exercising 
skeletal muscle and skeletal muscle biopsies at 
rest, during submaximal, and at termination of 
exercise clearly demonstrate that norepinephrine 
(Fig. 16.8), the activator of glycolysis and the 
blood lactate (Fig. 16.9) response to altitude 
acclimatization does not behave paradoxically, 

but rather as expected [40]. In fact, if workloads 
are expressed relative to maximum effort, then no 
lactate differences are observed at any time point 
as compared to sea level values. Whether this is 
also the case at very high altitudes remains 
unknown, but seems likely. The very elevated 
norepinephrine levels in Fig. 16.8 are supported 
by a tremendous hypoxia-induced increase in 

Fig. 16.8 Arterial epinephrine (a) and norepinephrine (b) 
concentrations during incremental exercise at sea level, in 
acute hypoxia, and after 2 and 8 weeks of acclimatization. 

Values are also presented for high altitude native Aymaras. 
Adapted from [13, 40]

Fig. 16.9 Arterial lactate concentrations during incremental exercise at sea level, in acute hypoxia, and after 2 and 8 
weeks of acclimatization. Values are also presented for high altitude native Aymaras. Adapted from [40]
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muscle sympathetic nervous activity at rest [41] 
and during exercise [42]. In one of the previous 
studies reporting a “lactate paradox” also a reduc-
tion in the catecholamine response to exercise 
has been observed [43], and perhaps the contro-
versy may not be linked to the influence of O2 
availability on lactate metabolism as such, but 
rather to the catecholamine response to hypoxic 
exercise.

 Exercise-Induced Fatigue  
in Hypoxia

 Central Fatigue

In recent years an increasing number of studies 
have investigated the mechanisms for fatigue in 
acute hypoxia, and to a much lesser extent also 
important information has emerged with chronic 
hypoxia. It would be interesting to see the results 
obtained in acute hypoxia (reduced PaO2 and 
CaO2) being tested with chronic exposure (nor-
malized CaO2) in order to study the relative 
importance of PaO2 and CaO2. Increases and 
decreases in systemic O2 transport affect muscu-
lar performance and the rate of development of 
both central and peripheral fatigue. The main 
question addressed in the experiments performed 
in acute hypoxia is whether fatigue is of “periph-
eral” or “central” origin. In short peripheral 
fatigue refers to fatigue originating at or distal to 
the neuromuscular junction whereas central 
fatigue includes the failure of the central nervous 
system to excite motorneurons adequately. 
Blunted O2 delivery exaggerates the rate of 
fatigue, whereas an augmentation in O2 delivery 
attenuates the rate of development. Alterations in 
O2 delivery to the working muscle affect the 
development of peripheral fatigue during whole 
body exercise via its effects on relative exercise 
intensity and changes in intracellular metabo-
lism. Both of these factors alter the rate of accu-
mulation of metabolites known to cause failure of 
excitation-contraction coupling within the muscle 
fiber, which has been identified as the main factor 
that evokes loss of tension development during 
the fatigue process occurring under conditions  

of high-intensity exercise [44]. Central fatigue 
may be elicited by low brain oxygenation which 
may cause a mismatch between brain O2 demand 
and O2 supply, leading to reduced interstitial and 
cellular PO2. Near infrared spectroscopy mea-
surements of prefrontal, premotor, and motor 
cortex deoxygenation during exercise were 
recently completed with acute hypoxic exposure 
[45]. As compared to normoxic control trials 
deoxygenation of the mentioned areas were more 
profound in hypoxia, and it was concluded that 
this could contribute to a hastened decision to 
stop exercise. The critical interstitial PO2 levels 
leading to central fatigue are however unknown, 
but it has been proven that an “altitude threshold” 
exists. The group of Dempsey and colleagues [7] 
assessed neuromuscular function (quadriceps 
twitch force by supramaximal magnetic femoral 
nerve stimulation) before and immediately after 
constant-load exercise to exhaustion with various 
fractions of inspired O2 (FIO2 = 0.21, 0.15, and 
0.10). Quadriceps twitch force was reduced from 
pre-exercise baseline following exercise in all 
settings, but the reduction became less the greater 
the hypoxia; thus indicating that the muscle was 
not as fatigued as the case in normoxia and mild 
hypoxia. It was concluded that the major deter-
minants of central motor output and exercise 
 performance switches from a predominantly 
peripheral origin of fatigue to a hypoxia-sensitive 
central component of fatigue, probably involving 
brain hypoxic effects on effort perception. An 
interesting question to be answered is whether 
altitude acclimatization increases brain oxygen-
ation during intense exercise to an extent suffi-
cient to revert to the “normoxic fatigue pattern” 
and hence also exercise performance. This ques-
tion has in part been addressed experimentally 
with acute hypoxic exposure. With exercise in 
hypoxia, pulmonary ventilation is strongly stim-
ulated, which concomitantly leads to a lowering 
of paCO2 [14]. Thus, during exercise in hypoxia 
the blunted middle cerebral artery velocity 
(MCAv), secondary to hypocapnia [46] com-
bined with the low CaO2 causes brain deoxygen-
ation and in turn this may facilitate centrally 
originating fatigue [45, 47, 48]. To test if an 
increased cerebral oxygenation during maximal 
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exercise in acute hypoxia would also increase 
exercise performance Subudhi and coworkers 
[46] “clamped” end tidal CO2 (PETCO2) to 
50 mmHg during exercise in normoxia and in 
hypoxia equivalent to 4,875 m altitude. Although 
the intervention increased cerebral oxygenation 
exercise performance became reduced. The 
authors speculated that this could be the cause of 
a too severe respiratory acidosis. In a set of addi-
tional experiments in which PETCO2 was main-
tained at 40 mmHg from about 75 % of VO2max 
exercise performance was not decreased, but 
tended to be (P < 0.10). Siebenmann [49] obtained 
similar results when clamping PETCO2 to 
40 mmHg during exercise at 3,450 m altitude. 
Despite their limitations in regards to respiratory 
acidosis, the study questions the role of cerebral 
oxygenation and its potential role in limiting 
exercise performance in hypoxia. More studies 
are needed in this regard.

 Peripheral Fatigue

A recently published study performed by van 
Hall and coworkers [40] clearly demonstrates 
that peripheral indicators of fatigue are unchanged 
throughout the process of acclimatization to 
4,100 m. In muscle biopsies obtained a few sec-
onds after the termination of a graded exercise 
test until exhaustion, metabolites classically 
associated with fatigue were not altered after  
2 and 8 weeks of acclimatization as compared to 
acute exposure or to values obtained in normoxia. 
Analysis of the biopsies for ATP, ADP, AMP, 
IMP, creatine phosphate, creatine content, inor-
ganic phosphate (Pi,), lactate and glycogen con-
tent all showed no signs of change in peripheral 
fatigue pattern. As mentioned before a recent 
study has revealed that from a certain threshold 
altitude, the origin of fatigue during exercise is 
moved from being of predominantly peripheral in 
origin to predominantly centrally mediated [7]. 
When central fatigue becomes prevailing, one can 
speculate peripheral signs of fatigue will be 
reduced. This however, does not seem to be the 
case as at least plasma lactate is concerned 
because it is equally high in both situations.

 Pulmonary Vascular Limitations  
to Hypoxic Exercise

Whether hypoxic pulmonary vasoconstriction 
(HPV) is a limiting factor of exercise at high alti-
tude or not is debated [50, 51], but at least some 
of the limitation to aerobic exercise capacity at 
altitude may be related to an elevation in pulmo-
nary arterial pressure (PAP). Acute hypoxic 
exposure induces HPV, and depending on an 
individual’s predisposition and on external fac-
tors such as the degree of hypoxia and rate of 
ascent to altitude, HPV may increase PAP to lev-
els which are observed in patients with pulmo-
nary arterial hypertension (PAH) at sea level [34]. 
PAH is a severe disease which ultimately 
decreases arterial O2 saturation by inducing a 
modest mismatch between ventilation and perfu-
sion, but more importantly also limits cardiac 
output by increasing right ventricular afterload. 
Both of these impair convective O2 transport and 
limited exercise tolerance is thus a cardinal 
symptom for the diagnosis of PAH. It seems 
plausible to hypothesize that an altitude- 
dependent increase in PAP may contribute to the 
reduction in exercise tolerance by reducing arte-
rial oxygenation or limiting cardiac output, or 
both. Unfortunately the majority of studies 
addressing these questions have applied noninva-
sive techniques with concomitant measurement 
uncertainties. In one of the few studies actually 
placing an arterial catheter both sildenafil and 
bosentan equally improved arterial O2 saturation 
at the investigated exercise intensities (up to 
90 % of VO2max), and it was concluded that this 
could lead to an improved physical performance 
at altitude [52]. In most other studies administrat-
ing sildenafil it was observed that sildenafil 
diminished PAP and concomitantly also improved 
exercise capacity in hypoxia, while the treatment 
showed no effect on sea level exercise capacities 
[53–55]. Similar results have been obtained in 
studies in which pulmonary vasodilation was 
induced by the glucocorticoid dexamethasone 
[56, 57]. Lastly, bosentan has been shown to 
enhance exercise capacity without affecting arte-
rial O2 saturation, and it was concluded that PAP 
may limit hypoxic exercise capacity most likely 
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by increasing right ventricular afterload [58]. 
In summary, the findings of several studies, but not 
all, have demonstrated that a hypoxia-dependent 
increase in PAH can be contributor to the reduced 
exercise capacity in hypoxic conditions. However, 
the underlying mechanisms are not entirely unrav-
elled, but are most likely related to a reduced right 
ventricular afterload and/or improved arterial oxy-
genation. Before drawing any clear conclusions 
however it needs to be recognized that the assess-
ment of cardiac output and arterial oxygenation in 
the above studies often relied on noninvasive 
methodologies which clearly leaves room for 
improvement. Besides conducting future studies 
in a randomized, double blinded crossover study 
design, investigators should also apply the appro-
priate invasive research tools.

 Effects on Performance of Lifelong 
Acclimatization (High Altitude 
Natives)

A number of interesting findings have been made 
in regard to the exercise capacity of high altitude 
natives. Here special attention will be given to 
pulmonary diffusion capacity, the ability to 
recover a high percentage of sea level VO2max 
with acclimatization and to exercise economy.

For a given PAO2 it is well documented that 
high altitude natives have a higher pulmonary 
diffusing capacity [59–63], and the smaller 
A-aPO2 helps to preserve PaO2 for any given 
level of ventilation. The likely basis of the low 
A-aPO2 in Aymaras is the higher diffusion capac-
ity associated with larger lung volumes [62, 64, 
65]. The larger lung volumes may be the result of 
multiple factors, and from animal studies it is 
known that hypoxic exposure is associated with 
larger alveolar septal tissue volume and surface 
areas [66], which are further augmented by 
smaller alveolar duct volume and smaller mean 
harmonic diffusion-barrier thickness. In these 
animals the structural changes induced a higher 
oxygen diffusing capacity during exercise [67]. 
For lung adaptations to occur (in animal) high 
altitude exposure has to be initiated during lung 
maturation and altitude exposure in adult animal 

life does not induce structural or volume changes 
[68]. Once obtained however, even 2 years of 
reexposure to normoxia does not reverse the 
adaptations [67]. From the above studies it may 
be concluded that increases in gas-exchange effi-
ciency arise largely from developmental expo-
sure to hypoxia, and is further strengthened by 
the similar diffusion capacities of natives from 
Colorado, the Andes, and Tibet. It seems unlikely 
that the superior diffusion capacities of high alti-
tude natives, which depend on structural adapta-
tions in the lungs, may become available to 
acclimatizing low landers. Other factors however 
may also affect diffusion capacity and include 
polycythemia, cardiac output, PAH, and pulmo-
nary vascular reactivity.

The higher diffusion capacity of highlanders 
becomes especially advantageous with exercise. 
In the transition from resting conditions to 
 maximal exercise intensity, the exercise-induced 
degree of arterial desaturation is much lower in 
high landers. In lowlanders, for example, in the 
transition from rest to maximal exercise satura-
tion decreased by 12.8 % (89.7–76.9 %) after 
2 weeks acclimatization and 11.6 % (90.9–79.3 %) 
after 8 weeks of additional exposure to 4,100 m 
(Fig. 16.10). In Aymaras however, the exercise- 
induced desaturation was only 4.6 % (from 87.3 
to 82.7 %), and thereby CaO2 was also maintained 
at a higher level than in the lowlanders. In the 
Aymaras CaO2 was 203 ± 6 mL L−1 at rest and 
203 ± 2 mL L−1 at maximum exercise (Fig. 16.10). 
In contrast CaO2 was decreased in the lowlanders 
from 204 ± 4 to 184 ± 2 mL L−1 and from 201 ± 4 to 
182 ± 2 mL L−1 within the transition from rest to 
maximum effort after 2 and 8 weeks of acclimati-
zation, respectively [69]. Hence, one clear advan-
tage of Aymara during exercise at altitude is that 
exercise is not associated with the same degree of 
arterial desaturation as it is known to occur in 
lowlanders. This advantage is, however, partially 
offset by a lower arterial O2 extraction at the level 
of the exercising muscle, and seems to be the con-
sequence of a lower skeletal muscle diffusion 
capacity of high altitude natives [13]. It may also 
be that Aymaras with higher exercise training 
 levels may desaturate more like the European 
lowlanders, but this remains to be investigated.
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VO2max values obtained from high altitude 
natives residing at various altitudes have been 
commented on as being relatively high as com-
pared to lowlanders. Brutsaert [70] recently com-
bined data from most (but not all) studies 
reporting VO2max in Tibetans, Sherpas, and 
Andean groups to increase statistical power and 
tested the hypothesis that high altitude natives 
have higher values for VO2max as compared to 
sea level residents, and indeed found that these 
groups have significantly higher mean values for 
VO2max. Obviously this analysis assumes that 
confounding factors are randomly distributed 
between the studies and populations. While large 
data bases are available for VO2max values over 
a wide range of ages, genders, and other factors 
in Western populations, data from high altitude 
natives are scarce. Although care is taken in most 
studies to match activity level, age, and gender of 
the investigated high altitude natives when com-
paring these to lowlanders, caution should be 
taken in extrapolating such data to the general 
population. One study that seems to have over-
come at least some of these limitations was com-
pleted by Brutsaert and coworkers [71] when 
studying 150 adult males in Bolivia. High alti-
tude natives (n = 75) and low altitude natives 
(n = 75) were studied at high altitude (3,600–
3,850 m) and near sea level. A trend for increased 

VO2max with increasing developmental high 
 altitude residence did not reach statistical signifi-
cance, and it was concluded that the results did 
not support the hypothesis that Andean high alti-
tude natives have been selected to express a 
greater physical work capacity in hypoxia. 
To further test this hypothesis however, 30 men 
of mixed Spanish and Quechua origins with indi-
vidual genetic admixture level (%Spanish ances-
try ranging from 1 to 64 %) were studied at sea 
level and with acute exposure to 4,338 m. 
Admixture predicted the decrease in VO2max 
with altitude exposure, and it was concluded that 
Quechuas possess a better ability to perform 
exercise at altitude due to an optimized gas- 
exchange system [72]. The diminished decrease 
in VO2max of high altitude natives when exposed 
to higher than residing altitudes was recently also 
demonstrated in Tibetans. It was shown (albeit 
with a small sample power) that second genera-
tion Tibetan lowlanders born at 1,300 m and who 
had never been exposed to high altitude recov-
ered 92 % of their sea level VO2max after 30 days 
at 5,050 m. In comparison untrained and trained 
lowlanders were able to recover only 70 % and 
55 % of their sea level VO2max, respectively 
[73]. It would thus seem that the VO2max of high 
altitude natives does not decrease as much as that 
of Caucasians when exposed to altitude, or to 

Fig. 16.10 Arterial (a) oxygen saturation and (b) content 
during incremental exercise at sea level, in acute hypoxia, 
and after 2 and 8 weeks of acclimatization in lowlanders 
and in high altitude Aymaras. Adapted from [13, 61]. 

Note that the lowlanders desaturate substantially in the 
transition from rest to maximal exercise in hypoxia 
whereas the high altitude Aymaras nearly don’t desatu-
rate. This affects arterial oxygen content tremendously
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altitudes higher than their actual resident altitude. 
This feature could be the consequence of lifelong 
hypoxic exposure. Quite surprisingly however, 
one study demonstrated that lowlanders brought 
to high altitude for as short as 27 months achieve 
VO2max values very close to those of resident 
Tibetan natives suggesting that, at least in abso-
lute terms for VO2max, it is not necessary to have 
resided at altitude for generations to achieve val-
ues close to those observed at sea level [74]. 
Since the general consensus is that VO2max does 
not increase with acclimatization [13, 14], the 
ability of high altitude natives to achieve over 
90 % of sea level VO2max when exposed to high 
altitude is remarkable.

Besides the importance of a high pulmonary 
VO2 in order to achieve a high level of aerobic 
performance, muscular efficiency is also impor-
tant. Muscular efficiency is calculated as exter-
nal + internal work/energy expenditure but is often 
measured simply as workload on the cycle- 
ergometer/pulmonary VO2 because of the relative 
difficulties associated with assessing the contribu-
tion of glycolytic and phosphagen energy produc-
tion and internal work. The potential effects of 
hypoxia on work efficiency were recently 
reviewed by Brutsaert [70]. In brief, one of the 
better studies addressing the question investigated 
186 men and women that were distinguished by 
ethnicity, place of birth, and testing environment. 
In this study there was no evidence of higher work 
efficiencies in Aymara [75]. Also when analyzing 
multiple data obtained from independent investi-
gations no trend was observed toward higher 
work efficiencies in high altitude natives from 
around the world [70]. This is in contrast to recent 
work performed by Marconi and coworkers [76]. 
They reported that Tibetan migrants born and liv-
ing between 3,500 and 4,500 m had a better tread-
mill assessed locomotor economy (assessed at 
1,300 m) as compared to Nepalese born and living 
in the Kathmandu valley [76]. It was concluded 
that the increased economy in Tibetans was due to 
chronic hypoxia- induced metabolic adaptations, 
although these still need to be elucidated. It should 
be mentioned however, that at least some of the 
differences may be attributed to differences in 
body mass between subject groups.

 Altitude Training for Endurance 
Exercise at Sea Level

Since that last edition of this book an overwhelm-
ing number of studies have addressed the ques-
tion if “altitude training” increases exercise 
performance at sea level or not (see for example 
the entire issue of Scand J Med Sci Sports. 2008 
Aug;18 Suppl 1, and [77] for a more critical 
appraisal of the field). Studies have especially 
focused on the more recently developed altitude 
training methods, i.e., either “Live high–train 
low,” “Live low–train high,” or “Intermittent 
hypoxic exposure,” whereas the “original” type 
of altitude training “Live high–train high” seems 
to have received less attention. In the below sec-
tion the different studies are discussed. In general 
most altitude training studies have unfortunately 
not made use of double-blinded and placebo- 
controlled study designs (which is nearly impos-
sible when using real altitude), and a placebo 
effect can never be ruled out in such studies. 
Furthermore many altitude training studies make 
use of trained subjects rather than the elite ath-
letes for which altitude training is designed to 
increase performance. This may prove a mayor 
problem since a recent analysis questions the 
added for value for truly elite athletes to engage 
into altitude training. Figure 16.11a illustrates 
the relationship between baseline total hemoglo-
bin mass measured prior to a live high–train low 
(LHTL) intervention and the relative increases 
in Hbmass associated to LHTL, and may suggest 
that individuals with already high hemoglobin 
mass may not experience a further increase 
 following LHTL.

 Live High–Train High

The overall rationale for living and training at 
altitude is to increase red cell mass and to super-
impose an additional training stimulus. Usually 
altitudes between 1,500 and 3,000 m are used. 
There exist numerous anecdotal reports on world 
class athletes who incorporate this type of altitude 
training into their preparations but well- controlled 
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studies investigating the effects of live high–train 
high (LHTH) on sea level performance are 
scarce. One of the best controlled early studies 
was published by Mellerowicz in 1970 [78]. 
Before exposing 22 East German police officers 
(with low VO2max’s of ≈50 mL kg−1) to either a 
4 week altitude (2,020 m) or sea level training 
intervention with a rigorously controlled exercise 
training program, all volunteers were subjected 
to a 6 week long lead-in trial at sea level. In that 
study 3,000 m running performance and VO2max 
were greatly increased in the altitude group as 
compared to the normoxic control group for up to 
2 weeks after termination of the intervention. A 
few years later Adams and colleagues [79] 
enrolled 12 competitive track runners (2 miles in 
little more than 9 min) to a 3 week long altitude 
(2,300 m) or sea level training program in a 
crossover study design with controlled training. 
Altitude training decreased 2 mile running time 
by 7 s, but no statistical differences could be 
obtained for this or for VO2max, and hence the 
results were not as promising as those previously 
reported by Mellerowicz. Although the applied 
crossover design is unmatched as of today, the 
conclusions may be somewhat hampered since 

training at altitude was performed at the same 
relative exercise intensity as at sea level, and 
hence at a lower absolute intensity. Whether a 
decrease in absolute workrate at a time when 
relative intensity is maintained affects perfor-
mance remains however speculative. Many years 
later the group of Levine [80] subjected 39 col-
lege runners (VO2max’s of little less than 
65 mL kg−1) to 2 weeks of lead-in training, fol-
lowed by 4 weeks of supervised sea level train-
ing. Subjects were then randomly assigned to 4 
weeks of either living at 2,500 m and training at 
2,500–2,700 m (LHTH), living and training at 
sea level (LLTL or Control), or living at 2,500 m 
and training at 1,200–1,400 m (LHTL). Following 
the various training camps, VO2max was 
increased in LHTH and LHTL, but 5,000 m run-
ning performance was only increased in the 
LHTL group. The authors speculated that the rea-
son for running performance not to be increased 
with LHTH was that running speeds during train-
ing could not be maintained at altitude due to the 
reduction in VO2max at altitude, although as 
stated above this remains unknown. Others have 
not found an increase in sea level VO2max after 4 
weeks at altitudes between 1,500 and 2,000 m 
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Fig. 16.11 (a) The correlation between the relative gain 
in Hbmass following LHTL and the corresponding increase 
in VO2max and (b) The correlation between baseline total 
hemoglobin mass (Hbmass, body-weight adjusted) mea-
sured prior to Live high–train low (LHTL) intervention, 
and the relative increases in Hbmass following LHTL. The 
present analysis is based on nine previously published 
LHTL studies conforming to an appropriate “dose” of 

hypoxia, i.e., an altitude >2,000 m and a daily exposure to 
hypoxia >12 h. Each point corresponds, for a given LHTL 
study, to the mean value (baseline or LHTL-induced 
change) reported by the authors for the LHTL group. 
Body-weight adjusted Hbmass was either reported directly 
from the published data, or calculated by using the avail-
able mean body-weight values. Reproduced form [121] 
with permission
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[81] or in VO2max and 3.2 km running performance 
after 4 weeks at 1,740 m [82]. It could seem that 
these altitudes were too low. Indeed (albeit in 
much less-controlled studies), no increases in 
performance have been reported in recent studies 
lasting 13 days–1 month at altitudes below 
1,900 m [4, 83, 84] whereas sea level time trials 
(or similar) have been reported to be increased 
after approximately 3 weeks at altitudes between 
2,100 and 2,650 m [85, 86]. Based on the present 
literature it is difficult to come to a clear-cut con-
clusion in regard to the effects of LHTH on 
potential gains in performance at sea level; how-
ever (1) LHTH may increase sea level perfor-
mance in some but not all individuals (2) based 
on current knowledge it can be recommended to 
live at an altitude starting at 2,000 m, and finally 
(3) the duration of exposure should not be less 
than 3–4 weeks.

 Live or Sleep High–Train Low

The general idea with live (or sleep) high–train 
low (LHTL) is to increase performance at sea 
level through an altitude-induced augmentation 
of red cell mass. As illustrated in Fig. 16.11b it 
indeed seems that the main reason for LHTL to 
increase performance is strictly related to an 
enhanced hemoglobin mass. The reason to train 
at sea level (and not at the resident altitude) is due 
to the fact that the absolute training intensity can-
not be maintained at altitude, and that a reduction 
in training intensity may affect performance neg-
atively. The use of LHTL was proven effective in 
increasing sea level performance in college run-
ners by Levine and Stray-Gundersen [80]. As 
mentioned above, in this study VO2max was 
increased following LHTH and LHTL, but run-
ning performance was only increased in the 
LHTL group [80]. Subsequently they confirmed 
LHTL to be effective also in elite male and 
female athletes (no control group in this study) 
[87]. In the latter study, subjects were enrolled in 
the training camps immediately after national 
championships when the athletes were supposed 
to be in peak physical condition. Before going 
into detail with the results from more recent 

LHTL studies, it should be highlighted that the 
studies undertaken by the group of Levine and 
coworkers seem more controlled and thoroughly 
conducted than many of the remaining studies 
within this area. Indeed, besides reducing con-
founding factors typically associated with train-
ing studies also an impressive test battery was 
applied. Of the tested variables, the only factor 
that was associated with improved sea level per-
formance was an improvement in red cell mass 
when coupled with maintenance of training 
velocities and O2 flux [88].

Confirming the above mentioned studies, it 
was recently demonstrated that red cell mass was 
increased following living at 2,500 m with con-
comitant training at lower altitudes for 24 days. 
At the same time also VO2max was increased 
[89]. From the above studies is seems (1) living at 
2,100–2,800 m for approximately 3 weeks may 
increase red cell mass, and (2) if at the same time 
training intensity can be maintained by descend-
ing to lower altitudes for training, then sea level 
endurance performance may be increased. It 
should be noted however that the term “train 
low” in these studies does not refer to training at 
sea level (this is also the case for the French stud-
ies described below). Albeit the training altitudes 
are low, i.e., between 1,200 and 1,800 m, it should 
be remembered that VO2max (and hence also 
training intensity) may be reduced from as low as 
580 m [2]. If training had been conducted at 
actual sea level, it could be speculated that more 
pronounced effects on subsequent sea level per-
formance could have been observed. Finally, 
although performance is increased in these stud-
ies, the magnitude here most likely does not jus-
tify the costs for amateur athletes to engage in 
this type of activity; they should rather add an 
additional training session to their normal train-
ing routine.

For practical reasons it may not be convenient 
for athletes to spend time at altitude. To surpass 
this potential problem, studies have been con-
ducted substituting altitude exposure with the use 
of “nitrogen housing” where indoor living areas 
are flushed with N2 to decrease FIO2 and thus 
stimulate exposure to high altitude. From the 
many studies addressing the question whether 
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“Sleep high–train low” is effective in increasing 
sea level performance it has become clear that a 
certain cumulative hypoxia threshold has to be 
surpassed. For example, several studies from 
Australia found no increase in red cell mass or 
VO2max after 8–10 h/day sleeping in hypoxia up 
to 3,000 m stimulated altitude for 3 weeks [90–
92], except in one of their studies (approximately 
46 nights at 2,860, 8–9 h/night) where an increase 
of 4.9 % was observed in Hb mass, but no changes 
in VO2max were observed [93]. In a series of 
experiments from France, it was concluded that 
(1) in cross country skiers spending 11 h/day for 
a total of 18 nights (6 days 2,500 m + 6 days at 
3,000 m + 6 days at 3,500 m) that red cell volume 
and performance were unaffected [94] (2) in 
swimmers spending 16 h/day for a total of 13 
days (5 days 2,500 m + 8 days 3,000 m) red cell 
volume was increased by 8.5 % and VO2max by 
4.5 % [95] and (3) in runners that spend 14 h/day 
for 18 days (6 days 2,500 m + 12 days 3,000 m) 
red cell volume as well as VO2max were increased 
[96]. Neya and coworkers studied long and mid-
dle distance runners before and after 29 nights 
(11 h/night) at 3,000 m and reported no change in 
total Hb mass or VO2max [97]. Summarizing 
the above “sleep high–train low” studies it 
seems that Hb mass is increased if (1) the alti-
tude exceeds 2,100 m altitude, (2) the duration 
of exposure is approximately 3 weeks or more, 
and (3) daily time in hypoxia exceed 14 h. 
The factors seem to depend on each other, i.e., 
inducing more severe hypoxia (for example 
3,000 m) does not allow a concomitant reduction 
in daily exposure time. It may be advantageous 
to supplement with daily iron intake since 
 ferritin levels of >35 ng mL−1 are necessary to 
obtain the optimal effect of hypoxia on erythro-
poiesis. It should also be acknowledged that 
after approximately 3 weeks after termination of 
the hypoxic stimulus, that the increase in Hb 
mass is usually reduced by 50 %, and that the 
time period from altitude training to competi-
tion should not exceed this period.

It should also be mentioned that data from two 
research groups support the idea that LHTL 
increases sea level performance not only by 
increasing VO2max but also by increasing exercise 

economy [93, 97, 98] or an increase in muscle 
buffer capacity [22] (see also Chap. 9). Lundby 
et al. [99] analyzed the results of three independent 
studies but did not find changes of exercise econ-
omy after acclimatization to moderate or high alti-
tude. Considering that most LHTL studies do not 
find changes in economy it seems doubtful that 
this is a major factor contributing to enhanced sea 
level performance.

The above conclusions are all based on non- 
blinded, non placebo-controlled studies. Such a 
study was however performed recently by 
Siebenmann [3] by making use of nitrogen 
flushed rooms. Following a 2 week lead-in in 
normal atmospheric conditions, elite athletes 
were exposed to either 3,000 m “altitude” or “sea 
level” for at least 16 h/day for a total of 4 weeks, 
and spend the remaining time of the day in nor-
mal conditions, i.e., outside the rooms. Subjects 
were tested before, after 3 and 4 weeks of treat-
ment, and at 1 and 2 weeks following the termi-
nation of the treatment. In that study hemoglobin 
mass, VO2max at sea level and at a stimulated 
altitude of 2,500 m, exercise economy and 26 km 
time trial performance did not differ between 
groups at any time point, and suggests that the 
conclusions from the previous studies may at 
least in part have been attributed to a placebo 
effect, and that the conclusions drawn previously 
should be taken with some caution. From the 
same study it was also concluded that cycling 
efficiency was not altered by LHTL, nor was 
mitochondrial efficiency [100] or anaerobic exer-
cise performance or the expression of skeletal 
muscle proteins usually associated with exercise 
performance [101].

 Live Low–Train High

The rationale for performing LLTH according to 
proponents of this strategy is that during exer-
cise at sea level one of the main stimuli for 
training- induced adaptations is tissue hypoxia. 
By performing the training sessions in hypoxic 
conditions the oxygen partial pressure is lower 
[102, 103], and it may be speculated that training 
adaptations could be of greater magnitude. 
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Indeed, augmented transcription of HIF-1 is 
known to induce the expression of a variety of 
genes [104] of which many could also contribute 
to enhancement in performance if also increased 
at the protein level. Indeed LLTH-induced adap-
tations at the muscular level [105] seem to be the 
mayor consequence of this type of training and 
Hb concentration remains in general unchanged. 
Two studies have reported changes in hematocrit 
and Hb concentrations [106, 107] likely related 
to uncontrolled changes in plasma volume. One 
further argument [108] to consider in LLTH as 
compared to LHTL is that permanent exposure to 
severe hypoxia (5,000 m and higher) leads to a 
considerable deterioration of skeletal muscle tis-
sue. This argument is however misleading 
because (1) LHTL is not recommended to be car-
ried out at altitudes above 3,000 m (2) even at 
4,559 m altitude muscle protein synthesis is not 
decreased [109], and (3) if nutritional intake and 
physical activity are maintained deterioration of 
skeletal muscles may occur at 5,250 m altitude 
[110], but not at 4,100 m altitude [111].

Since 2000 more than 15 studies have reported 
on the effects of LLTH. Despite this high number 
it is difficult to draw clear-cut conclusions for 
guidelines. Confounders include the variation of 
exposure duration (10 days–8 weeks), degree of 
hypoxic exposure (2,300–5,700 m), and the use 
of different subjects ranging from untrained to 
athletically active. Yet another reason for dis-
crepancies between studies could be related to 
the great variation in exercise intensity (50–80 % 
of VO2max). Since VO2max is reduced at alti-
tude, also the intensity that can be sustained dur-
ing training is reduced, and this is the main 
criticism against LLTH studies. It appears that an 
effect of LLTH is mostly seen when the training 
is performed at the same absolute workload as at 
sea level, and hence the relative higher training 
intensity. This should also be considered as a 
confounding factor in those studies. It should 
also be noticed that almost all studies were con-
ducted non-blinded, i.e., both the experimenter as 
well as the subjects were aware of the treatment 
which may obviously affect the outcome do to 
expectations. Levine and coworkers seem to have 
the most thoroughly controlled study in this sense, 

as subjects as well as investigators were blinded in 
the studies of Truijens et al. [112]. In this study no 
gains in performance in comparison to normoxic 
training were observed. Hoppeler et al. have con-
ducted LLTH studies for a decade. In some of 
these studies no effect hereof on performance has 
been reported [113, 114] whereas in others an 
increase is reported [115]. Other recent studies 
have also found positive effects on sea level per-
formance by using LLTH, and for a thorough 
description of all studies the reader is referred to a 
recent review on the topic [108]. The main out-
come of this review however, is that no clear-cut 
conclusion can be drawn as to what extent LLTH 
improves sea level performance or not, and that the 
hypothesis of a distinct functional phenotype asso-
ciated with successful LLTH results must be 
rejected. When strictly including double blinded 
and placebo-controlled studies, then LLTH does 
not increase performance.

 Intermittent Hypoxia at Rest

Intermittent hypoxic exposure refers to either  
(1) repeated switching between breathing hypoxic 
and normoxic air during a session usually lasting 
between 60 and 90 min. Because the hypoxic 
exposures are brief (in some examples 5 min) the 
severity of hypoxia can be high (4,500–6,000 m) or 
(2) one session of daily hypoxic exposure, also of 
rather severe hypoxic magnitude (4,000–5,500 m). 
The precise mechanisms for such an approach to 
increase sea level performance are less clear than 
LHTL and LLTH, and at present the mechanisms 
remain obscure. Since the last edition of the book a 
high number of well- controlled studies all includ-
ing a double blinded design have been performed. 
In one of the studies, 14 national-class distance 
runners completed a 4 week regimen (5:5 min 
hypoxia to normoxia ratio for 70 min, 5 times/
week) of intermittent normobaric hypoxia or pla-
cebo control at rest. Following the experimental 
period there were no significant differences in 
VO2max or 3,000-m time-trial performance [116]. 
Subsequently, the group performed a double- blind, 
randomized, placebo-controlled trial to examine 
the effects of 4 weeks of resting exposure to inter-
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mittent hypobaric hypoxia (3 h/day, 5 days/week at 
4,000–5,500 m). No differences in VO2max, per-
formance [117] or exercise economy were reported 
[118]. Also others have reported similar results 
with similar protocols. During 15 consecutive 
days, 20 endurance- trained men were exposed 
each day to breathing either a gas mixture (11 % O2 
on days 1–7 and 10 % O2 on days 8–15) or com-
pressed air, six times for 6 min, followed by 4 min 
of breathing room air for a total of six consecutive 
cycles. The results of this study demonstrated that 
1 h of intermittent hypoxic exposure for 15 con-
secutive days has no effect on aerobic or anaerobic 
performance [119]. In conclusion, the use of inter-
mittent hypoxic exposure does not increase sea 
level performance, despite the advertised guaran-
tees by manufacturers of such devices (see also the 
theme issue of Scand J Med Sci Sports. 2008 
Aug;18 Suppl 1).
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    Abstract  

  Sleep at high altitude is perceived as fragmented and less restorative 
compared to lowland, and insomnia is one of the leading symptoms of 
acute mountain sickness. The physiological changes in sleep and in the 
breathing pattern during high altitude exposure consist mainly in a reduc-
tion of deep sleep and an increase in arousals which are related in part to 
periodic breathing with central apneas/hypopneas. This chapter provides 
an overview over the scientifi c literature on sleep and breathing in healthy 
newcomers at altitude, describes the changes that take place during accli-
matization, and shows modalities to treat sleep disturbances at altitude. 
Recent studies performed in patients with the obstructive sleep apnea 
syndrome travelling to altitude are also summarized.  
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        Introduction 

 Travelling to the mountains for recreational and 
professional reasons is quite popular although 
altitude exposure may have adverse health effects 
[ 1 ]. Of these, the high altitude insomnia and dys-
somnia are quite common and characterized by 
diffi culties falling asleep and frequent awaken-
ings, sometimes associated with feelings of air 
hunger or suffocation. High altitude sleep distur-
bances are closely linked to periodic breathing 

and may occur with or without accompanying 
high altitude-related illnesses such as acute 
mountain sickness (AMS) or high altitude pul-
monary edema (HAPE). The aim of this chapter 
is to review the literature on sleep of lowland 
residents at higher altitude, to analyze the inter-
actions among sleep and breathing at altitude, 
and to review studies on treatment of high alti-
tude insomnia and sleep-disordered breathing.  

    Normal Sleep 

 It is estimated that humans spend approximately 
one third of their lives in sleep, a reversible state 
characterized behaviorally by reduced motor 
activity and response to environmental stimuli. 
Neurophysiologically sleep is defi ned by charac-
teristics of the electro-encephalogram (EEG), 
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electro-oculogram (EOG), and electro-myogram 
(EMG). Two major types of sleep can be distin-
guished, i.e., non-rapid eye movement (NREM) 
sleep and rapid eye movement (REM) sleep. 
Over the course of a normal night sleep, NREM 
and REM sleep periods alternate in cycles lasting 
60–90 min interrupted by brief periods of wake-
fulness. The EEG of stages 1 and 2 NREM sleep 
shows relatively low voltage and mixed fre-
quency (3–7 Hz) while the EEG in stages 3 and 4 
(slow wave sleep) shows a high amplitude and 
low frequency (≤2 Hz). REM sleep is character-
ized by phasic rapid eye movements, saw tooth 
waves in the EEG, and suppression of muscular 
tone. Sleep and wakefulness states have profound 
infl uences on the function and activity of many 
organ systems including on ventilation. During 
wakefulness the dual control of ventilation by 
behavioral infl uences and chemical feedback 
(chemoreceptor sensing of arterial PO 2 , PCO 2 , 
and pH) assures adequate and stable arterial oxy-
gen and carbon dioxide levels. In contrast, during 
sleep, the wakefulness drive on ventilation is 
absent and breathing is mainly controlled by 
chemical feedback making it more susceptible to 
instability.  

    Sleep at Altitude 

 It is a common perception of lowlanders that sleep 
during a sojourn at altitude is often disturbed and 
not as refreshing as at home. In a study performed 
in a ski resort at 3,500 m in Iran, 46 of 100 unac-
climatized hotel guests reported poor sleep quality 
in their fi rst night after arrival based on a score ≥6 
in the Groningen sleep quality questionnaire [ 2 ]. 
In the same study, 60 of 100 subjects indicated 
sleep disturbance based on the corresponding 
question within the Lake Louise AMS question-
naire. Subjects with high scores in the Groningen 
sleep quality questionnaire (≥6) were more likely 
to suffer from clinically relevant AMS (Lake 
Louise score ≥5) than those with lower scores on 
the sleep quality questionnaire underlining the 
association and potential interaction of sleep dis-
turbance with other AMS symptoms such as head-
ache, anorexia, nausea/vomiting, and dizziness. 
Since recent data indicate that sleep disturbances 
assessed subjectively correlate poorly with poly-
somnographic variables (Fig.  17.1 ) [ 3 ] studies on 
the effects of altitude on sleep should ideally com-
prise both subjective and objective evaluations.

  Fig. 17.1    Subjective and polysomnographic estimates of 
night-time spent awake. Fourteen mountaineers estimated 
the time spent awake during one night at 490 m and dur-
ing four successive nights at 4,559 m. Comparisons to the 
corresponding wakefulness times measured by polysom-

nography reveal that subjective estimates ( grey bars ) 
consistently exceed objective measurements ( white bars ) by 
a variable degree.  Bars  and  vertical lines  represent medians 
and quartile ranges,  *  P  < 0.05. Modifi ed from Nussbaumer-
Ochsner et al. [ 3 ]       
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       Systematic Review of the Literature 

 Despite the high prevalence of subjective sleep 
disturbances at altitude a current review of the 
scientifi c literature reveals that sleep at altitude 
has been rarely studied with objective methods 
and most investigations in this fi eld consist of 
uncontrolled case series observations. Studies 
evaluating the effect of altitude exposure on 
sleep and containing objective sleep data based 
either on neurophysiologic recordings (EEG, 
EOG, EMG) or on actimetry were systemati-
cally analyzed. Studies were classifi ed accord-
ing to the design as randomized, controlled 
studies ( n  = 3 studies [ 4 – 6a ], including a total of 
76 subjects of which 51 were included in one of 
the studies [ 6 ]), case–control studies ( n  = 3 stud-
ies, including a total of 82 subjects [ 7 – 9 ]), and 
observational studies ( n  = 13 studies [ 10 – 23 ], 
including a total of 122 subjects). Field studies 
performed in the mountains [ 6 – 11 ,  15 ,  19 ,  20 , 
 22 ,  23 ] were differentiated from studies simulat-
ing altitude by use of normobaric hypoxia (low 
inspired oxygen fraction [ 14 ,  21 ]) or hypobaric 
hypoxia (hypobaric chamber experiments [ 4 ,  5 , 
 12 ,  13 ,  16 – 18 ]). 

 When assessing the available literature on 
sleep at altitude major limitations that pre-
vent generalization of results become evi-
dent. Subjects were usually selected among 
healthy, highly trained mountaineers, ath-
letes, or soldiers. The sample size is often 
inadequate and power calculation or confi-
dence intervals are not presented. The study 
settings vary greatly even within the same 
investigation. For example, some studies at 
low altitude were carried out in a sleep labo-
ratory while the altitude studies were per-
formed in the much less comfortable and 
protected setting of a high altitude research 
facility. In high altitude field studies but also 
in hypobaric chamber studies, the effect of 
environmental influences (noise, tempera-
ture) cannot be neglected. Furthermore, the 
ascent rate, acclimatization time, physical 
activity during daytime, and the sleeping alti-
tude vary between studies.  

    Summary of the Evidence 
on Sleep at Altitude 

 Within the limitations discussed above, and 
taking the more robust evidence from a few 
recent randomized or controlled studies into 
particular consideration some cautious conclu-
sions can still be drawn. A trend of deteriorated 
sleep quality at altitude as illustrated in Fig.  17.2  
appears to be consistent in most studies. 
Compared to sea level, the sleep effi ciency was 
reduced and subjects revealed a decreased rela-
tive amount of slow wave sleep at high altitude, 
i.e., a more superfi cial sleep [ 23 ]. Further 
changes include a progressively increased fre-
quency of arousals observed in three studies 
performed at altitudes ≥4,500 m [ 12 ,  13 ,  15 ,  23 ] 
while in three other studies performed at alti-
tudes <3,200 m no trend of increasing arousals 
was observed [ 6 ,  16 ,  21 ]. In one study, no sig-
nifi cant change in the arousal index was 
observed during repeated sleep studies per-
formed over the course of ascent from sea level 
to 5,050 m [ 19 ]. Although some authors have 
claimed that total sleep time was maintained at 
higher compared to lower altitude there is not 
suffi cient evidence to support this assumption. 
In fact, the opposite may be true since a reduced 
total sleep time at altitude was found in several 
studies [ 4 ,  8 ,  9 ,  13 ,  14 ,  24 ]. Whether acclimati-
zation improves sleep quality at various alti-
tudes has not been appropriately studied 
although preliminary reports suggest that this is 
indeed the case [ 25 ]. We have identifi ed only 
two reports on sleep in children at altitude. In 
these studies actigraphic recordings suggested a 
more restless sleep in unacclimatized prepuber-
tal children aged 11–12 years at 3,560 m [ 9 ] and 
in preverbal children aged 3–33 months at 
3,109 m [ 26 ] compared to sea level. Research 
on sleep at altitude has been hampered in the 
past by the limited availability of polysomnog-
raphy, the gold standard for objective assess-
ment of sleep. Recently, actigraphy has been 
increasingly used as a simple tool suitable for 
altitude fi eld studies and applicable over several 
weeks (Fig.  17.3 ).
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        High Altitude Periodic Breathing 

 Periodic breathing, an oscillating pattern of 
waxing and waning of ventilation with periods of 
hyperventilation alternating with central apnea or 
hypopnea, is a prominent characteristic of sleep 
at high altitude and may even occur during wake-
fulness. Newcomers often wake up with a dis-
tressing sense of suffocation; take a few rapid, 
deep breaths before dozing off again. This 
sequence may repeat itself many times during a 
night at altitude and prevent refreshing sleep. The 
awakenings or brief arousals commonly occur at 
the transition from apnea to hyperpnea. In one 
study up to 52 % of nocturnal arousals were asso-
ciated with periodic breathing cycles suggesting 
an important but not exclusive role of periodic 
breathing in causing sleep disruption at altitude 
[ 12 ]. In more recent fi eld studies [ 3 ,  6b ,  22 ,  25 ] 
the correlation of arousals and periodic breathing 
during exposure to hypoxia was less clear than in 
the cited hypobaric chamber study [ 12 ] or even 
completely absent. Of note, there may be a 
mutual interaction among arousals and periodic 
breathing since periodic breathing may induce 
arousals and they may promote in turn periodic 
breathing due to changes in ventilatory control 
during the sleep–wakefulness transition.  

  Fig. 17.2    Alterations in sleep structure at altitude. The 
trend of alterations in sleep structure in different altitude 
ranges is illustrated in a qualitative way based on various 
studies (see text). The  outer circles  of each panel repre-
sent the time in bed, the  white area  is the time spent 
awake, and the  pie chart  is total sleep time comprising 
NREM stages 1–4 (NR1&2 = superfi cial stages, 
NR3&4 = slow wave or deep sleep stages). The ratio of 
total sleep time (pie chart area) to time in bed (outer cir-
cle) is the sleep effi ciency. The density of diagonal lines 
refl ects the number of arousals. Little changes occur 
between sea level and 1,600 m. Starting at altitudes 
>1,600 m, sleep effi ciency is increasingly reduced, and 
more time is spent in superfi cial sleep stages. At very high 
altitude sleep is fragmented by frequent arousals       

 

Y. Nussbaumer-Ochsner and K.E. Bloch



  Fig. 17.3    Actigrams and hypnograms at 490 and 
4,559 m. Actigram obtained in a subject during a night at 
490 m ( top panel ) shows very rare spikes with low activity 
indicating nearly undisturbed sleep. The corresponding 
hypnogram shows a normal distribution of sleep stages 
and 4 NREM/REM cycles. In contrast, the actigram 
recorded during a night at 4,559 m ( third panel  from  top ) 
reveals frequent activity spikes refl ecting movements 

 during awakenings. The corresponding hypnogram ( lowest 
panel ) reveals predominantly superfi cial sleep stages with 
frequent awakenings, very rare deep sleep stages 3 and 4, 
and no REM sleep.  y -Axis of actigrams = acceleration in 
arbitrary units. Lights off is marked by a  vertical arrow . 
An actigraph specifi cally developed for use in mountain-
eers comprising a barometric pressure recorder is also 
shown. Modifi ed from Nussbaumer-Ochsner et al. [ 3 ]       
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    Pathophysiology 

 Many features of periodic breathing can be predicted 
by applying feedback control theory used in 
engineering [ 27 ,  28 ]. According to these concepts, 
stability of a feedback controlled system (i.e., ven-
tilatory control) depends on the relation between 
loop gain, a measure refl ecting the quickness and 
magnitude of a response to any disturbance, and 
the strength and timing of the disturbance. The 
gain of the ventilatory control system is infl uenced 
by the chemo- responsiveness to hypercapnia and 
hypoxia, i.e., the controller gain, and the plant gain 
refl ecting the effectiveness of ventilation in elimi-
nating CO 2 . Thus, low intrathoracic gas stores in 
subjects with low functional residual capacity, low 
dead space, and a high PaCO 2  are all contributing 
to a high plant gain since these conditions promote 
exaggerated changes in PaCO 2  elimination in 
response to alterations of ventilation. Unstable 
breathing with periodic oscillations may be trig-
gered by alterations in blood gases such as might 
occur during transition from wakefulness to sleep 
and vice versa, or as a consequence of brisk and 
large changes in ventilation caused by a sigh [ 29 ] 
or cough, for example (Fig.  17.3 ). Decreases in 
arterial PCO 2  may result in crossing the apnea 
threshold for CO 2  with ensuing apnea and a subse-
quent overshooting ventilatory response that 
occurs with some delay. In order for a disturbance 
to trigger stable periodic breathing the ratio of the 
magnitude of the loop gain to that of the distur-
bance has to exceed a value of 1 (Fig.  17.4 ) at a 
phase delay of 180° indicating that the disturbance 
is reinforced rather than dampened. The underly-
ing theory has been developed and described 
mathematically by Kho and coworkers [ 27 ]. 
Susceptibility to periodic breathing is therefore 
enhanced by a high controller gain refl ected in the 
increased ventilatory responsiveness to hypoxia 
and hypercapnia observed during exposure to 
hypobaric hypoxia at altitude [ 30 ,  31 ]. Consistently, 
the amount of periodic breathing in mountaineers 
at high altitude was correlated with their individ-
ual ventilatory sensitivity to hypoxia [ 32 ].

   While the ventilatory response to CO 2  has 
been conventionally tested by recording the 

increase in ventilation induced by increasing the 
CO 2  concentration in the inhaled air, the concept 
of ventilatory sensitivity to CO 2  below eupnea, 
i.e., the ventilatory response to hypocapnia, has 
gained increasing interest [ 33 ]. Studies in ani-
mals and in human subjects using subject- 
triggered pressure support ventilation to induce 
hyperventilation have shown that the propensity 
to develop central apnea is enhanced by a high 
ventilatory sensitivity to CO 2  below eupnea and a 
close proximity of the arterial PCO 2  during stable 
breathing to the apnea threshold indicating a low 
CO 2  reserve. These conditions are met during 
exposure to hypoxia associated with hyperventi-
lation [ 33 – 35 ]. Using noninvasive breathing pat-
tern analysis and PetCO 2  recordings we have 
corroborated these concepts in spontaneously 
breathing children and adults at 3,650 m 
(Fig.  17.4 ) [ 9 ] and in patients with the obstructive 
sleep apnea syndrome (OSA) showing exacerba-
tion of breathing disturbances with frequent 
 central apneas/hypopneas when sleeping at 
2,590 m (Fig.  17.5 ) [ 36 ].

   Propensity for periodic breathing is increased 
during NREM sleep compared to wakefulness 
because of the absence of the stabilizing effect of 
the tonic “wakefulness drive” [ 28 ]. Furthermore, 
the reduced background drive to breathe during 
NREM sleep related to a reduced hypercapnic 
and hypoxic ventilatory response compared to 
wakefulness is associated with hypercapnia [ 30 , 
 37 ,  38 ]. This reduces the amount of hyperventila-
tion required to cross the apneic threshold due to 
the hyperbolic shape of the isometabolic line 
refl ecting the alveolar ventilation/PCO 2  relation-
ship [ 39 ] (Fig.  17.5 ). Conversely, during REM 
sleep periodic breathing seems to be uncommon 
at moderate altitude related in part to the absence 
of a consistent apneic threshold for CO 2  and a 
larger CO 2  reserve [ 40 ,  41 ].  

    Summary of Studies on High 
Altitude Periodic Breathing 

 Most of the studies on sleep at altitude contain data 
on ventilation as well. The studies reveal an increas-
ing prevalence of periodic breathing with increasing 
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  Fig. 17.4       Nocturnal breathing patterns in a 12-year-old 
child and her father at 3,450 m (Jungfrau Joch, 
Switzerland). Recordings were obtained with calibrated 
respiratory inductive plethysmography (RC, AB, Sum: rib 
cage and abdominal volume changes and their sum), cap-
nography of exhaled air (PetCO 2 ), pulse oximetry (SpO 2 ), 
and ECG (heart rate). A short sequence of periodic breath-
ing in the child ( left panels ) begins with a sigh as the initial 
disturbance. It drives the PetCO 2  (the surrogate of PaCO 2 ) 
from the eupneic level ( left PetCO   2    panel ,  arrow e ) to 
below the level where the drive to breathe stops (apnea 
threshold,  left PetCO   2    panel ,  arrow a ). A large difference 
between the eupneic PCO 2  and the apnea threshold (i.e., a 
large CO 2  reserve) prevents that apnea occurs with minor 

fl uctuations in ventilation. In the child the breathing 
pattern stabilizes after only four cycles of periodic breath-
ing indicating stable ventilatory control. The recording 
obtained in the adult ( right panels ) shows irregular, large 
breaths that trigger periodic breathing with progressively 
increasing fl uctuations until indicating ventilatory control 
instability (modifi ed from Kohler et al. [ 9 ]). The  lower 
panels  schematically display ventilation. In the child ( left ) 
the reduction in ventilation following the sigh represents a 
disturbance ( d ) that is counteracted by a moderate response 
( r ); the ratio of response to disturbance ( r / d  = loop gain) is 
<1, ventilation is stable; if the ratio  r / d  is >1 as in the adult 
(right), the overshooting response results in control insta-
bility. Concepts are explained in [ 28 ]       

altitude and hypoxemia. The reported number of 
periodic breathing cycles with central apnea/
hypopnea ranges from 10 events/h at a simulated 
altitude of 2,650 m [ 42 ] to as much as 254 events/h 
at 7,620 m [ 13 ]. Correspondingly, with increasing 
altitude, the fraction of the night spent with peri-
odic breathing increased from 34 to 58 % at 
4,559 m [ 7 ,  8 ], to 68 % at 5,050 m [ 15 ,  43 ], and to 
73–75 % at 7,620–8,050 m [ 13 ,  44 ]. Figure  17.6  
illustrates the relation between the decrease in noc-
turnal oxygen saturation, the associated increase in 

minute ventilation, and in periodic breathing cycles 
measured in  participants of an expedition ascend-
ing Mt. Muztagh Ata at 7,546 m [ 43 ]. The cycle 
length of periodic breathing has been found to 
decrease at increasing altitude (29–30 s at 3,560 m, 
25–26 s at 4,559 m [ 8 ], and 19–23 s at 5,530–
6,850 m [ 43 ]) consistent with ventilatory control 
theory predicting a higher controller gain with an 
accelerated response to alterations in blood gases.

   Research on ventilatory adaptation to high 
altitude has been nearly exclusively focused on 
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adults. Only one study investigated the nocturnal 
breathing pattern in prepubertal children aged 
10–11 years in comparison to adults [ 9 ]. Pairs of 
children with their fathers underwent polygraphic 
sleep studies at the Jungfrau Joch (3,650 m) in 
Switzerland after rapid ascent by train. It was 
found that despite a similar degree of nocturnal 
hypoxemia (mean nocturnal oxygen saturation of 
85 % vs. 84 %) and hypocapnia (mean of 32 vs. 
32 mmHg) children had less periodic breathing 
than adults (32.5 vs. 54.1 periodic breathing 
cycles/h in the fi rst night at 3,450 m,  P  < 0.05). 
This was related to a lower apneic threshold for 
CO 2 , a greater CO 2  reserve, and a shorter circula-
tion time in children promoting a more stable 
control of breathing compared to adults 
(Fig.  17.4 ). 

 There is only little information on the effect of 
ventilatory acclimatization on periodic breathing 

at altitude. In a hypobaric chamber study simulating 
an altitude of 4,200 m in 7 healthy men, ventila-
tion increased over the course of 4 days associ-
ated with progressive hypocapnia and gradually 
improved arterial oxygen saturation [ 31 ]. 
Changes were similar in wakefulness, NREM 
sleep, and REM sleep suggesting that supra-pon-
tine infl uences were not essential for the acclima-
tization to chronic hypoxia despite the marked 
infl uence of the sleep/wakefulness state on the 
stability of ventilatory control. Periodic breath-
ing was not reported in the cited study [ 31 ] but 
other investigations have revealed variable results 
in this regard during acclimatization. While some 
authors reported a decrease in the prevalence of 
periodic breathing over the course of 7 days at 
4,300 m [ 30 ], others found no signifi cant change 
during 6 days at 3,200 m [ 16 ] or even an increase 
during 28 days at 5,050 m [ 15 ]. In 34 mountaineers 

  Fig. 17.5    Effect of acetazolamide on control of breathing 
at altitude. Mechanisms of the reduction in central apneas 
by acetazolamide in patients with the obstructive sleep 
apnea syndrome (OSA) sleeping at 2,590 m, from 
Nussbaumer et al. [ 36 ]. The diagram illustrates the hyper-
bolic relationship between alveolar ventilation (V’A) and 
alveolar PCO 2  (PACO 2 ). The eupneic PetCO 2  on placebo 
(37 mmHg) was taken as the surrogate of the eupneic alve-
olar PCO 2  with corresponding alveolar ventilation (V’A) 
defi ned as 100 %; PetCO 2  of 31 mmHg at V’A = 0 is the 
apnea threshold. Assuming an increase in metabolic rate on 
acetazolamide (by an arbitrary amount of 10 %) related to 
hyperventilation, a second metabolic hyperbola is shown 

( dashed line ). The corresponding eupneic PetCO 2  
(35 mmHg) and apnea threshold PetCO 2  (27 mmHg) are 
also shown. Driving PetCO 2  from the eupneic level to the 
apnea threshold requires a greater ventilatory overshoot on 
acetazolamide (increase in V’A from 116 to 155 %) than on 
placebo (from 100 to 123 %). This is because the eupneic 
PetCO 2  on acetazolamide is moved to a steeper portion of 
the metabolic hyperbola while the CO 2  reserve (difference 
between eupneic and apneic PetCO 2 ) is similar to that on 
placebo. The slope of the lines connecting the apnea thresh-
old with the corresponding eupneic PetCO 2  refl ects the 
ventilatory sensitivity to CO 2  below eupnea which is simi-
lar on acetazolamide and on placebo       
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ascending to Muztagh Ata periodic breathing 
increased during acclimatization over the course 
of more than 2 weeks at  altitudes between 3,730 
and 6,850 m despite improving arterial oxygen 
saturation consistent with a progressive increase 
in the loop gain of the respiratory control 
system [ 43 ].  

    Sleep in Altitude-Related Illness 

 Insomnia/dyssomnia is a typical symptom of 
AMS [ 45 ,  46 ] and it is conceivable that other 
symptoms of AMS, in particular headache, 

nausea, and vomiting, may interfere with onset 
and continuity of sleep. In a study performed at 
4,559 m at the Capanna Regina Margherita [ 8 ], 
the sleep quality and nocturnal breathing pattern 
were compared among subjects suffering from 
AMS and controls without AMS. Subjects with 
AMS had signifi cantly reduced sleep effi ciency 
(68 % in subjects with AMS vs. 85 % in controls) 
and lower mean nocturnal oxygen saturation 
(subjects with AMS 59 % vs. 73 % in controls) 
but a similar prevalence of periodic breathing 
(subjects with AMS 34 % of the night vs. 43 % in 
controls). In repeated sleep studies performed 
over the course of an ascent to the Pyramid 
research station at 5,050 m in Nepal, no signifi -
cant changes in the arousal index, in slow wave 
sleep, or REM sleep were noted at increasing 
altitude although the Lake Louise score progres-
sively increased up to a mean value of 8 at 
5,050 m [ 19 ]. The lack of a signifi cant associa-
tion between measures of objective sleep quality 
and AMS in this study might have been related to 
the relatively small sample size of 12–14 sub-
jects. Similarly, sleep effi ciency at 4,559 m was 
not statistically different between 5 subjects with 
AMS, 8 subjects with HAPE, and 8 controls 
without AMS or HAPE [ 7 ]. However, in subjects 
developing HAPE after rapid ascent to 4,559 m, 
nocturnal periodic breathing and oxygen desatu-
ration were more pronounced than in controls 
without HAPE [ 47 ]. Moreover, dexamethasone 
taken before ascent prevented severe hypoxemia 
and sleep disturbances while dexamethasone 
taken 24 h after arrival at 4,559 m increases oxy-
genation and deep sleep [ 25 ].  

    Sleep at Altitude in Patients with 
Preexisting Breathing Disorders 

 Until recently, data on sleep and breathing in 
patients with preexisting lung disease or disor-
ders of control of breathing were virtually absent 
[ 48 ]. An exception is the OSA. Observations in 
small groups of patients with the OSA residing at 
moderate altitude in Colorado have revealed that 
altitude descent was associated with a decrease in 
the apnea/hypopnea index; apparently, continuous 
positive airway pressure (CPAP) requirements 

  Fig. 17.6    Nocturnal oxygen saturation and minute 
ventilation in mountaineers during an expedition to 
extreme altitude. Nocturnal polygraphic monitoring was 
performed in 34 mountaineers during baseline examina-
tion in Zurich (490 m) and over the course of an expedition 
to Mt. Muztagh Ata at 4,497, 5,533, 6,265, and 6,865 m. 
With increasing altitude oxygen saturation dropped to low-
est values of 64 % ( lower panel ,  open circles ) while min-
ute ventilation ( closed circles ) and the apnea/hypopnea 
index increased to highest values of 11.3 L/min and 
142.6/h. Values are medians (quartile ranges)       
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were not signifi cantly altered [ 49 ,  50 ]. Another 
observational study suggested that simulated alti-
tude induced central apneas in OSA patients [ 51 ]. 
More recently, a randomized trial was performed 
in 34 OSA patients who were studied during a 
few days of CPAP withdrawal at 490, 1,860, and 
2,590 m, respectively [ 52 ]. Analysis revealed that 
altitude aggravated hypoxemia, increased sleep-
related breathing disturbances due to frequent 

 central apneas/hypopneas (Fig.  17.7 ), and induced 
sleep fragmentation. Daytime evaluation at alti-
tude demonstrated that the patients performed 
poorly in driving simulator tests and had an 
increase in blood pressure, cardiac arrhythmias, 
weight gain, and leg edema   . These data 
emphasize the unfavorable health effects of alti-
tude in OSA. Subsequent randomized, placebo-
controlled trials revealed that OSA patients 

  Fig. 17.7    Exacerbation of nocturnal breathing 
disturbances in patients with the OSA during an altitude 
sojourn. Sleep- related breathing disturbances at 490 m 
and in the fi rst and second night at 1,860 and 2,590 m, 
respectively, in untreated patients with the OSA. The  bars  
and  horizontal lines  represent median values and quartile 
ranges of obstructive and central apnea/hypopnea indices 

at the different locations. The  upper panel  represents 
events during NREM sleep and the  lower panel  corre-
sponding values during REM sleep. At higher altitudes, 
the total apnea/hypopnea index increases signifi cantly 
related to emerge of central apnea/hypopnea during 
NREM sleep.  *  P  < 0.01 vs. 490 m,  **  P  < 0.01 vs. 490 m 
and vs. 1,860 m. From Nussbaumer-Ochsner et al. [ 52 ]       
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benefi t from acetazolamide in combination with 
computer-autoadjusting CPAP during a stay at 
altitude [ 53 ] or from acetazolamide alone com-
pared to no treatment at all (Fig.  17.5 ) [ 36 ]. 
While autoadjusting CPAP alone did not consis-
tently eliminate the central sleep apneas emerg-
ing at altitude, the combined treatment with 
CPAP and acetazolamide provided optimal con-
trol of sleep-related breathing disturbances. 
During daytime patients did not suffer from 
symptoms of AMS or sleepiness and the treat-
ment was well tolerated. According to manufac-
turer specifi cations, current CPAP devices 
incorporate altitude correction. However, treat-
ing patients at the same fi xed CPAP at low and 
high altitude may be suboptimal since we 
observed that the mask pressure applied by 
autoadjusting CPAP devices increased at 
2,590 m compared to 490 m by approximately 
2 cm H 2 O [ 53 ]. These results suggest that CPAP 
devices with autoadjusting may be suitable for 
use at altitude [ 54 ].

       Treatment of Sleep Disturbances 
at Altitude 

 Sleep disturbances at altitude are caused by 
various factors including environmental condi-
tions and physiologic changes such as periodic 
breathing and altitude-related illness. Sleep 
quality should therefore be improved by pre-
venting high altitude-related illness through 
avoidance of physical over-exertion, appropri-
ate ascent rate and acclimatization, and by 
optimizing sleeping conditions (e.g., through 
proper clothing). The use of pharmacological 
means should be reserved for those who suffer 
from severe sleep problems. Several drugs 
used to prevent and treat high altitude- related 
illness (AMS, cerebral edema, HAPE) includ-
ing acetazolamide, dexamethasone, nifedipine, 
among others, may also improve sleep quality but 
are described elsewhere (see Chaps.   20     and   21    ). 
The following discussion will focus on studies 
that specifi cally evaluated the effect of oxygen 
or drugs on sleep and periodic breathing at 
altitude.  

    Oxygen 

 Since sleep disturbances and altitude-related 
 illnesses are mainly caused by hypoxia providing 
supplemental oxygen is a rational way to treat 
these conditions. Raising the oxygen concentra-
tion at a given high altitude by 1 % increases the 
inspired oxygen partial pressure to a degree cor-
responding to an altitude reduction of approxi-
mately 300 m [ 55 ]. Raising F I O 2  in the sleeping 
room at 3,800 m by 3 % by oxygen concentrators 
increased nocturnal oxygen saturation, reduced 
the amount of periodic breathing, and improved 
subjective sleep quality and some tests of cogni-
tive daytime performance [ 56 ,  57 ].  

    Carbonic Anhydrase Inhibitors 

 The carbonic anhydrase inhibitor acetazolamide 
has been extensively tested and found to be an 
effective drug for prevention and treatment of 
AMS (see Chap.   20    ). Studies have also demon-
strated improvement of nocturnal oxygen satura-
tion and high altitude periodic breathing by 
acetazolamide and benzolamide [ 58 – 60 ]. 
Carbonic anhydrase inhibitors promote renal 
bicarbonate excretion thus counteracting the 
hypoxia-induced respiratory alkalosis [ 61 ] and 
stimulating ventilation through augmenting the 
hypercapnic ventilatory response [ 60 ]. 
Hyperventilation dampens periodic breathing by 
moving the PaCO 2  on the isometabolic hyperbola 
to a steeper portion so that a larger overshoot in 
ventilation is required to reduce the PaCO 2  by a 
given amount (Fig.  17.5 ). Hypocapnia mitigates 
an exaggerated increase in hypoxic ventilatory 
sensitivity through interaction at the chemore-
ceptor [ 62 ] and due to the reduced loop gain that 
results from the higher oxygen saturation associ-
ated with hyperventilation [ 63 ]. In a randomized 
comparison with theophylline, acetazolamide 
was equally effective in normalizing periodic 
breathing in 30 mountaineers sleeping at 3,454 m 
but acetazolamide provided a higher nocturnal 
oxygen saturation [ 64 ]. In otherwise untreated 
OSA patients we found that acetazolamide 
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(250 mg b.i.d.) improved oxygenation, nocturnal 
breathing disturbances, and sleep quality and it 
prevented excessive blood pressure rises at alti-
tude [ 36 ]. Even though the amount of residual 
breathing disturbances was considerable, acet-
azolamide was superior to no therapy at all and 
may therefore be recommended for OSA patients 
at altitude if CPAP therapy is not feasible. An 
even better and nearly optimal control of breath-
ing disturbances was achieved with the combined 
treatment by acetazolamide and autoadjusting 
CPAP [ 53 ].  

    Dexamethasone 

 Like acetazolamide, dexamethasone has also 
been found to effectively prevent and treat AMS 
and the drug prevents HAPE in susceptible sub-
jects [ 65 ]. In a recent study in HAPE-susceptible 
subjects ascending from lowlands to 4,559 m 
within 24 h we found that dexamethasone (4 mg 
b.i.d.) taken before ascent improved nocturnal 
oxygen saturation and increased the amount of 
slow wave sleep at 4,559 m [ 25 ]. To our knowl-
edge, no other studies specifi cally addressing 
effects of dexamethasone on sleep at altitude 
have been performed. The powerful action of the 
drug in the prevention and the treatment of 
AMS—and thereby also improving sleep—
seems to outweigh the potential sleep disturbing 
effects which are not well established [ 66 ]. 

 We refer the reader to a more extensive discus-
sion on treatment of high altitude-related illness 
by acetazolamide and dexamethasone in Chaps. 
  20     and   21    .  

    Theophylline 

 As mentioned above, theophylline (250 mg 
b.i.d.) has been evaluated as a drug for treatment 
of high altitude periodic breathing. At an alti-
tude of 3,454 m breathing disturbances were 
nearly completely suppressed but oxygen satu-
ration was lower than in subjects taking acet-
azolamide [ 64 ]. In another study performed at 

4,559 m, theophylline (300 mg taken in the 
evening) was started 5 days before ascent and 
continued during a 5-day stay at altitude [ 67 ]. 
The drug alleviated symptoms of AMS slightly 
and reduced nocturnal periodic breathing by 
about 50 %. However, oxygen saturation and 
sleep structure were not improved. Theophylline 
may exert its action by an increase in ventilatory 
drive and in cardiac output but the mechanisms 
have not been studied in detail. Compared to 
acetazolamide theophylline has the disadvan-
tage of not improving oxygen saturation, pro-
moting cardiac arrhythmia but, on the other 
hand, does not alter taste or cause paresthesias. 
It may therefore be an alternative if acetazol-
amide is not tolerated.  

    Hypnotics 

 Hypnotics are commonly used to alleviate 
insomnia and dyssomnia at low altitude. Their 
application in the treatment of altitude insomnia 
has been met with reservation because of con-
cerns that these drugs would aggravate hypox-
emia and promote sleep apnea due to a 
ventilatory depressant effect. Several random-
ized, placebo- controlled trials have addressed 
this point by evaluating the effect of benzodiaz-
epines and non- benzodiazepine hypnotics in 
subjects at simulated or real altitude in terms of 
sleep and ventilation. The results reveal that 
contrary to some negative expectations neither 
the benzodiazepine temazepam nor the non-
benzodiazepine hypnotics zolpidem and 
zaleplon which act on the GABA A  receptor had 
deleterious effects on oxygen saturation and 
ventilation but were effective in improving sleep 
quality at altitude and, in some studies, even 
next day performance. It can therefore be con-
cluded that the cited hypnotics may be used in 
mountaineers at moderate altitude (up to 
4,000 m) to treat insomnia in a safe setting that 
allows resting in a state of reduced arousability. 
Since zaleplon has a relatively short half-life 
(1 h) compared to zolpidem (2.4 h) it might be 
particularly suitable for use in the mountains.  
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    Summary and Conclusions 

 Insomnia/dyssomnia and unrefreshing sleep are 
common complaints in newcomers at high alti-
tude. Objective sleep recordings reveal frequent 
awakenings and arousals and reduced amounts of 
slow wave and REM sleep. Periodic breathing, a 
pattern of waxing and waning of ventilation with 
central apneas/hypopneas alternating with bouts 
of hyperventilation, is an important cause of 
sleep disruption at altitude. It occurs in healthy 
subjects at altitudes >2,000 m and is increasingly 
prevalent at higher altitude. It may be prevented 
or reduced by acetazolamide and oxygen admin-
istration. Temazepam and the non- benzodiazepine 
hypnotics zolpidem and zaleplone improve alti-
tude insomnia without relevant adverse effects on 
ventilation. Because of the fact that the majority 
of published studies on sleep at altitude have 
been performed in highly selected, well trained 
healthy subjects, mostly men, and because of 
methodological fl aws of many uncontrolled stud-
ies performed in specifi c settings at various alti-
tudes, the results from the available literature on 
sleep at altitude cannot be generalized. Future 
studies should explore the effects of altitude on 
sleep and breathing accounting for potential con-
founders such as acclimatization, high altitude- 
related illness, and preexisting respiratory and 
other disorders and should evaluate treatments 
that might improve sleep quality at altitude in 
various settings.     
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        An Ecologic and Lifecyle 
Perspective on Reproduction 
and Growth 

 Reproduction and development during infancy 
and childhood present critical, vulnerable periods 
in the individual lifecycle and the health of a pop-
ulation. For humans living permanently at high 

altitude, the environment they inhabit adds risks 
for maternal and child health and survival. In 
addition to hypoxia, many high-altitude regions 
impose other constraints on the circumstances 
necessary for optimal fetal development and 
infant/child survival. These include impoverished 
living conditions, social inequalities, physically 
demanding livelihoods, nutritional defi ciencies, 
and infectious diseases. Such determinants infl u-
ence fertility, fetal loss and growth, neonatal sur-
vival, and child development. Populations 
resident at high altitude for millennia, for exam-
ple the Tibetans in the Himalaya and the Aymara 
and Quechua of South America, attest to possi-
bility of not only surviving but also thriving, 
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    Abstract  

  Hypoxia, as well as other environmental and social factors, shapes 
 reproduction and fetal/infant growth at high altitude. Although fertility 
and early fetal loss differ little from patterns observed at lower altitude, 
placental development does differ and the medical complications of 
 pre-eclampsia and post-partum hemorrhage pose greater risks at altitude. 
Reduction in birth weight with increasing altitude of gestation occurs 
across high-altitude regions, resulting in an increased proportion of low-
birth-weight infants (<2,500 g). However, the magnitude of reduction in 
fetal growth varies among population groups, depending on maternal 
 ventilation, plasma volume expansion, blood fl ow to the uteroplacental 
circulation, and nutrient transport. Neonatal, infant, and child mortality 
are increased at high altitude. Respiratory problems account for the major-
ity of neonatal and infant deaths. Exposure to hypoxia during the fetal and 
neonatal periods may have consequences that extend into adult life and 
span generations.  

      Reproduction and Growth 
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under such circumstances. However, consideration 
of the biological and behavioral adaptations nec-
essary to do so aids understanding of the physio-
logic challenges. Addressing pregnancy 
complications such as pre-eclampsia and fetal 
growth restriction, neonatal mortality risks, and 
challenges to growth is essential to reduce mor-
tality and improve the quality of survival of 
women and children at high altitude. Finally, the 
developmental origins of adult disease link the 
health of fetuses and newborn infants to their 
later health as adults in the current and successive 
generations.  

    Maternal Aspects of Reproduction 

 Hypoxia, as well as other environmental and 
social factors, shapes the reproductive pattern at 
high altitude. How these factors and the organ-
ism’s response to them infl uence the ability of 
one generation to successfully reproduce the next 
in essence defi nes adaptation. From an evolution-
ary perspective, pregnancy represents the overlap 
between successive generations. Although the 
mortality risk is greater for the fetus, the death of 
a pregnant woman or mother impacts the evolu-
tionary contribution of all; the fetus or neonate 
likely dies as well and thereby truncates the 
genetic contribution of the father. Fertility, main-
tenance of pregnancy to term, and the maternal 
medical complications during gestation all refl ect 
the physical and socioecologic infl uences of the 
high-altitude environment. Although fertility and 
early fetal loss appear to follow the patterns 
observed at lower altitude, placental development 
differs and certain medical complications at high 
altitude place pregnant women at greater risk, 
most notably from pre-eclampsia and post- 
partum hemorrhage. 

    Fertility 

 Fertility describes the production of live off-
spring within a population. Although it has been 
proposed that hypoxia reduces fertility (number 
of live births), the complex interplay of 

behavioral and sociocultural factors that underlie 
fertility appear to exert the predominant effect at 
high altitude [ 1 ]. Historical observations in the 
Andean region raised the question whether 
hypoxia reduces fertility through impairing 
fecundity (the ability to conceive) and/or by 
increasing fetal loss, especially in newcomers to 
high altitude [ 2 ]. Early efforts to test this hypoth-
esis using census data and community-level esti-
mates from Andean countries proved 
inconclusive, but an increase in completed fertil-
ity was noted among Peruvian high-altitude 
natives who migrated to low altitude [ 3 ]. Other 
studies in the Andes and Himalaya do not show 
an altitude-related reduction in fertility, but rather 
suggest higher completed fertility at high than 
low altitudes [ 4 – 7 ]. Overall, fertility levels vary 
widely at any altitude. The completed fertility 
ratio expresses the number of children born per 
woman to a cohort of women by the end of their 
childbearing years. A review of Andean samples 
yielded estimates of completed fertility ratios 
from 5.8 to 9.1 among high- altitude populations 
and 4.6 to 8.3 among low-altitude comparison 
groups. Recent data from the Peruvian National 
Institute of Statistics and Informatics (INEI 
2001) report a global fecundity rate of 3.7 (the 
number of expected births through a woman’s 
reproductive period, having children at the pre-
vailing rate for each age) for altitudes >2,000 m 
compared to 2.4–3.8 in sea level and jungle zones 
[ 5 ]. Estimates of completed fertility from 
Himalayan populations range from 3.2 to 7.4 [ 1 ]. 

 In order to interpret and compare fertility rates 
at various altitudes, the set of proximate determi-
nants of fertility must be evaluated, as these fac-
tors mediate environmental, behavioral, and 
sociocultural infl uences. In Andean and 
Himalayan women, the age of menarche may be 
delayed by as much as a year, consistent with 
delay in growth and maturation at high altitude 
[ 8 – 11 ]. Onset of menopause appears to be accel-
erated by a similar time [ 10 ,  12 ]. Shortening of 
the reproductive span is unlikely to have major 
demographic impact, however, due to predomi-
nant patterns of sexual behavior [ 1 ]. 

 Data are accumulating on certain aspects of 
fecundability at high altitude. Ovarian cycle 
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length in rural Aymara women averaged 29.1 
days, which falls within the observed range for 
sea level [ 13 ]. The proportion of ovulatory cycles, 
as assessed by progesterone levels, was compa-
rable in a sample of Chicago women and eco-
nomically advantaged women in La Paz, Bolivia 
(91 % and 88 % respectively); however, it was far 
lower (45 %) in the poorer women of La Paz [ 14 ]. 
Mean progesterone levels in ovulatory cycles 
among poor women were lower than those in bet-
ter off peers and substantially lower than in 
Chicago women. This continuum likely relates to 
differences in nutrition and physical demands 
during childhood development, as it correlates 
with body size [ 14 ,  15 ]. Despite having lower 
progesterone levels during the fertile period, 
rural Bolivian women conceived and carried 
pregnancies to full term [ 16 ]. Early pregnancy 
loss in rural Bolivian women was associated with 
higher follicular progesterone and low luteal/ 
follicular progesterone ratios [ 17 ]. Sperm quality 
and quantity as well as testosterone levels 
appear equivalent in low and high-altitude 
men [ 18 – 21 ]. 

 A higher probability of fetal loss under 
hypoxic conditions is logically attractive, but has 
not been substantiated. In any setting, accurate 
estimates of fetal loss are diffi cult to obtain, as 
the greatest risk for loss occurs in early preg-
nancy before a woman is aware of the concep-
tion. Using elevated human chorionic 
gonadotropin as a marker of implantation, the 
fetal loss rate in rural Aymara women was 
30 %—very similar to the 31 % fetal loss rate 
reported among U.S. women using similar crite-
ria [ 16 ]. Estimates of fetal loss based on repro-
ductive histories among the Sherpa of Nepal and 
Tibetan women living at 3,000–4,000 m suggest 
approximately 10 % loss among recognized 
pregnancies [ 22 ,  23 ], although this fi gure likely 
refl ects underreporting. 

 In addition to the strictly physiologic determi-
nants of fertility, behavioral, sociocultural and 
economic factors refl ect the ecology of the high- 
altitude environment. Age at marriage or entry 
into sexual union and the proportion of unmarried 
persons varies by geographic location and culture. 
In the Andes, lifelong domestic relationships 

are the norm, whereas 18–44 % of women of 
reproductive age in Nepal and 11–33 % in 
Ladakh are unmarried [ 8 ,  24 – 27 ]. Moreover, more 
fl exible marriage patterns, including monogamy, 
polyandry, polygyny and polygynandry also 
impact fertility [ 24 ,  28 ]. Religious practices in 
the Himalaya can result in a high proportion of 
certain populations living as celibate monks or 
nuns [ 22 ]. Among those who do marry, at least 
one study found later age at marriage in higher 
altitude Himalayan populations [ 29 ]. Spousal 
absence due to seasonal work in agriculture or 
tourism may infl uence the frequency of sexual 
intercourse, but this effect did not appear to 
 contribute to variation in fertility by altitude in 
Nepal [ 29 ]. 

 The duration of lactational amenorrhea exerts 
a strong infl uence on fertility differences among 
populations without access to modern contracep-
tion. The duration of breast feeding varies by 
economic status, available weaning foods, and 
social forces that promote or delay weaning. 
Community studies in Peru and Bolivia suggest 
that rural, high-altitude women breast feed the 
longest when compared to their urban and low- 
altitude counterparts [ 1 ]. In the Himalaya, breast- 
feeding continues for 2–3 years, but introduction 
of complementary foods within the fi rst months 
results in insuffi cient suckling stimulus to main-
tain anovulation and an earlier return to fecundity 
[ 28 ,  30 ]. The survival, contributions, and costs of 
children also infl uence childbearing patterns. In 
rural highland Peru, children traditionally gener-
ated more resources than they consumed, making 
high completed fertility desirable [ 31 ]; however, 
improving child survival and increasing urban-
ization may alter fertility trends in high-altitude 
environments now undergoing rapid social 
change. 

 Levels of fertility vary among populations 
resident across altitude ranges; however, there is 
no clear effect of hypoxia on any proximate 
determinant of fertility. Nonetheless, it is impor-
tant to appreciate the complexity of the high- 
altitude environment in shaping behavioral and 
sociocultural practices may either produce fertil-
ity differentials or compensate for underlying 
physiologic differences caused by hypoxia. 
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Although fecundity and fetal loss are seemingly 
the most vulnerable elements of fertility at high 
altitude, well-controlled, minimally biased stud-
ies support no direct effect of hypoxia on these 
determinants. Rather, cultural practices appear to 
exert the greatest infl uence on fertility among 
high-altitude populations.  

    Pregnancy and Its Complications 

 Fetoplacental development is infl uenced by 
hypobaric hypoxia, as are the medical and obstet-
rical complications of pregnancy at high altitude. 
One of the best-documented effects of high alti-
tude is intrauterine growth restriction (IUGR) 
resulting in reduction of birth weight. Hypoxia 
alters placental development from very early 
stages, and the adaptive physiologic responses to 
preserve oxygen delivery to the fetus give insight 
into the mechanisms in play. Altered placentation 
has implications for maternal health as well, with 
higher observed incidence of pre-eclampsia and 
hypertensive disorders of pregnancy at high alti-
tude. Pre-eclampsia/eclampsia and postpartum 
hemorrhage are leading causes of maternal mor-
tality everywhere, but they pose a special risk to 
women at high altitude. 

    Fetal Growth 
 Studies conducted over a half century in North 
America, South America, and Tibet have docu-
mented reduction in birth weight with increasing 
altitude of gestation. Birth weight decreases an 
average of 100 g per 1,000 m altitude gain [ 32 ]. 
Reduction in birth weight also increases the pro-
portion of low-birth-weight infants (<2,500 g or 
5.5 lb) approximately fourfold at high (>2,700 m) 
compared to low altitude in a North American 
population [ 33 ]. The separable infl uences of fetal 
growth restriction and prematurity on birth 
weight were fi rst recognized at high altitude, giv-
ing rise to the concept of small for gestational age 
as a result of fetal growth restriction [ 34 ,  35 ]. At 
high altitude, lower birth weight results from 
restriction of intrauterine growth rather than 
shortened gestation. Fetal ultrasound studies in 
Denver (1,610 m) as compared to sea level 

 demonstrated signifi cant reduction in fetal 
 subcutaneous fat tissue but not lean mass [ 36 ]. 
A large, population-based comparison of infants 
born in public hospitals near sea level (150 m) 
and at high altitude (3,000–4,400 m) in Peru 
showed reduction not only in percentiles for 
weight but also length and head circumference at 
high altitude [ 37 ]. 

 The magnitude of the reduction in fetal growth 
with increasing altitude varies among population 
groups, with the longest resident populations 
experiencing the least effect and the shortest resi-
dent groups the greatest reduction in birth weight. 
The reduction in birth weight is greatest in North 
Americans (−352 g,  p  < 0.001), intermediate in 
South Americans (−270 g in Peru, −282 g in 
Bolivia,  p  < 0.001), and least in Tibetans (−72 g, 
 p  > 0.05) [ 32 ]. Where woman of different ances-
try reside at the same altitude, those from long- 
resident high-altitude populations give birth to 
heavier infants than women of low-altitude popu-
lation ancestry. In Tibet, birth weights averaged 
294–650 g more in Tibetan than Han women, and 
in Bolivia, the infants of Aymara women weighed 
143 g more than infants born to women of 
European or mestizo ancestry [ 38 – 40 ]. Birth 
weight declined proportionately with the degree 
of European admixture among residents of La 
Paz, and decline in birth weight correlated most 
tightly with the degree of maternal admixture, 
suggesting possible involvement of epigenetic 
factors as well [ 41 ]. Protection from altitude- 
associated reduction in birth weight has also been 
observed for Nepalese Sherpa but not Ladakhis 
[ 42 ,  43 ]. 

 Both genetic and developmental factors con-
tribute to the observed birth weight differences 
between multigenerational high-altitude resi-
dents and newcomers. Genetic factors are recog-
nized determinants of birth weight, suggesting 
the selection of adaptive variants among popula-
tions with long residence at high altitude [ 44 ,  45 ]. 
Developmental factors, such as nutrition, behav-
ioral adaptations, and medical complications of 
pregnancy account for additional variability 
between geographic locations. In contrast to the 
effect of altitude on fertility, the reduction in birth 
weight is attributable to direct effects of high 
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 altitude rather than other variables such as maternal 
age, parity, body size, or prenatal care [ 46 ]. 
Socioeconomic factors appear to make relatively 
little contribution [ 47 ,  48 ]. Hypobaric hypoxia 
and maternal physiological mechanisms that 
mediate genetic and developmental factors 
together shape oxygen and nutrient transport 
 during pregnancy at high altitude.  

    Maternal Oxygen and Nutrient 
Transport During Pregnancy 
 Pregnancy increases maternal ventilation, which 
in turn, increases arterial oxygen saturation at 
high altitude [ 32 ]. However, arterial oxygen con-
tent may actually  fall  during pregnancy as a result 
of the physiological anemia of pregnancy that 
arises from the expansion of circulating plasma 
volume in the second trimester [ 49 ]. In Colorado 
and Peru infants born to mothers with greater 
increases in hypoxic ventilatory sensitivity, 
higher levels of ventilation, and higher arterial 
oxygen content during pregnancy weighed more 
than those born to women with lesser increases in 
ventilation [ 50 ]. In Tibetan and Han women liv-
ing at 3,600 m, higher ventilation and increased 
ventilatory sensitivity to hypoxia also correlated 
with infant birth weight, but differences in arte-
rial oxygen saturation and content failed to 
account for the heavier birth weights of Tibetan 
infants [ 23 ,  51 ]. Lower hemoglobin levels among 
the Tibetans actually resulted in lower calculated 
levels of oxygen content near term than in the 
Han women. Analysis of birth weight and mater-
nal hemoglobin at sea level and re-analysis of 
such data from high altitude demonstrated a sig-
nifi cant negative relationship between maternal 
hemoglobin and birth weight, emphasizing the 
importance of appropriate plasma volume expan-
sion [ 52 ]. 

 Changes in the uteroplacental circulation 
under conditions of chronic hypoxia at high alti-
tude more fully explain observed patterns of fetal 
growth restriction [ 32 ]. At sea level, in pregnan-
cies near term nearly 15 % of maternal cardiac 
output is directed to the uteroplacental circula-
tion [ 53 ]. Blood supply to this pregnancy-specifi c 
circuit is accomplished by a doubling of uterine 
artery diameter by mid-gestation and an increase 

in uterine artery fl ow velocity that continues 
throughout pregnancy. Colorado women at 
3,100 m demonstrated changes in uterine artery 
diameter that were only about half of those at 
1,600 m, resulting in one-third lower uterine 
artery blood fl ow. Pelvic blood fl ow distribution 
to the uterine artery was also diminished at high 
versus low altitude. Pre-eclamptic women at high 
altitude showed even less redistribution of pelvic 
blood fl ow to the uterine circulation and effec-
tively no increase in uterine artery fl ow velocity 
near term. The reduction in uterine artery blood 
fl ow at high altitude in Colorado women was 
consistent with the observed decrease in birth 
weight [ 54 ]. In Tibetans, birth weight is relatively 
preserved at high altitude compared to Han preg-
nancies at the same elevation, yet Tibetan women 
had lower hemoglobin and lower arterial oxygen 
content likely due to greater plasma volume 
expansion. However, in Tibetans, more pelvic 
(common iliac) blood fl ow was directed toward 
the uterine artery, and the increase in uterine 
blood fl ow correlated with heavier birth weights 
[ 55 ]. A similar pattern of augmented uterine 
artery blood fl ow and oxygen delivery appears to 
protect Andeans from altitude-associated reduc-
tions in fetal growth [ 56 ,  57 ]. Uterine artery 
blood fl ow was twofold higher in Andean than 
European women at high altitude; these differ-
ences corresponded to greater fetal size among 
Andeans and a birth weight differential of 253 g 
after controlling for gestational age, maternal 
height, and parity. Study of angiogenic factors 
during pregnancy has shown that Andeans com-
pared to Europeans at high altitude had lower 
sFlt-1 and sFlt-1/PlGF ratio during pregnancy, 
and these values corresponded to higher uterine 
artery blood fl ow and birth weight [ 58 ]. Among 
women residing at 1,600 and 3,100 m in 
Colorado, changes in uterine artery fl ow and the 
ratio of endothelin-1 to nitric oxide (ET-1/NOx) 
preceded changes in fetal growth and correlated 
with ultimate birth weight reduction [ 59 ]. Thus, 
an increase in maternal ventilation, plasma vol-
ume expansion, and increased blood fl ow to the 
uteroplacental circulation all play a role in 
maintaining oxygen delivery to support fetal 
growth. 
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 Reduced nutrient transport to the fetus at high 
altitude may also contribute to growth restriction. 
Maternal plasma glucose levels during preg-
nancy, as well as in the nonpregnant state, aver-
aged approximately 10 % lower in Peruvian 
women at 4,300 m as compared to those at 300 m 
[ 60 ]. Lower glucose levels may result from 
higher glucose utilization as suggested by an 
indirect measure of insulin sensitivity in near- 
term pregnant women at high and low altitude 
[ 61 ]. Small maternal body size and anthropomet-
ric indices of undernutrition are not strongly 
related to birth weights in a given population or 
between populations [ 23 ]. However, differences 
in nutrient transport and energy balance have 
been proposed as playing a role in fetal growth 
restriction at high altitude [ 32 ,  62 ]. Glucose 
transporters showed a 40 % reduction in the fetal 
syncytial basal membranes of placentas at high 
altitude compared to low [ 63 ]. With identifi cation 
of ancestry using single nucleotide polymor-
phisms, admixture was not related directly to 
oxygen transport, but placental weight explained 
signifi cant variation in birth weight. Decreased 
placental nutrient transport, through reduced pla-
cental blood fl ow, placental metabolism, or 
reduced transporter density, may infl uence fetal 
growth at high altitude [ 45 ,  64 ].  

    Placental Development 
 Impaired placentation and reduced uteroplacen-
tal blood fl ow represent a common pathway 
through which IUGR and pregnancy complica-
tions can occur at high altitude. Reduced utero-
placental blood fl ow has been documented in 
pregnancies affected by IUGR and pre-eclampsia 
at sea level [ 65 ,  66 ]. Early in pregnancy, normal 
embryonic and placental development occurs in 
an environment of relatively low oxygen tension. 
At the end of the fi rst trimester, when the intervil-
lous space enlarges to facilitate circulation of 
maternal blood, pO 2  increases. This increase cor-
relates with maximal invasion of trophoblast 
cells, specialized epithelial cells of the placenta, 
into the maternal decidua to access and remodel 
the spiral arteries. Trophoblast differentiation 
and invasion are now recognized to be oxygen- 
regulated events mediated by HIF-1alpha and 

HIF-2alpha, in part mediated by TGFbeta(3), an 
inhibitor of trophoblast differentiation [ 67 ]. 
When trophoblast invasion is impaired, placenta-
tion is shallower, maternal spiral arteries retain 
more of their muscular walls, and they preserve 
their contractile sensitivity which can reduce 
uterine blood fl ow [ 68 ]. Under hypoxic condi-
tions trophoblast stem cells fail to transition to an 
invasive phenotype and rapidly invade extracel-
lular matrix [ 69 ]. Overexpression of HIF-1 has 
been shown in placentas from high altitude com-
pared to sea level [ 70 ]. Culture of trophoblast 
cells under a gradient of oxygen concentrations 
demonstrated that low oxygen (3 %) inhibited 
trophoblast differentiation. Increased HIF-1alpha 
protein levels and activity correlated with the 
inhibition of trophoblast differentiation in low 
oxygen. In a murine model, constitutive expres-
sion of an oxygen-insensitive, active form of 
HIF-1alpha protein mimicked the effects of 
hypoxia and inhibited trophoblast differentiation 
[ 71 ]. HIF-1alpha mRNA and protein expression 
have been shown to be abnormally elevated in 
pre-eclamptic placental tissue compared to con-
trols and TGFbeta(3) is overexpressed in pre- 
eclamptic pregnancy [ 67 ]. Mice lacking 
HIF-1alpha, HIF-2alpha, and the beta subunit of 
the HIF dimer (ARNT) showed abnormal placen-
tal morphogenesis, angiogenesis, and cell fate 
decisions, demonstrating that oxygen tension 
through HIF mediation serves as a critical regula-
tor of trophoblast differentiation [ 72 ].  

    Pre-eclampsia 
 Pre-eclampsia is a leading cause of maternal and 
fetal mortality in both the industrialized and the 
developing world, and a contributing cause to 
fetal growth retardation at high altitude. Defi ned 
clinically as hypertension and proteinuria in an 
otherwise normotensive woman, its incidence is 
increased three- to fourfold at high compared to 
low altitudes (16 % and 3 % respectively) in 
Colorado [ 65 ,  66 ,  73 ,  74 ]. Where urine testing 
for protein is not routinely available, pre- 
eclampsia and hypertension are reported together. 
A Bolivian study reported a 17.6 % incidence 
of pre-eclampsia/gestational hypertension at 
3,600 m as compared to 11.4 % at 300 m (OR 
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1.7, 95 % CI: 1.3–2.2) [ 73 ]. Studies of iliac and 
uterine artery blood fl ow in normotensive and 
pre-eclamptic/gestational hypertensive Andean 
women showed elevated end-arteriolar vascular 
resistance, rather than narrowed uterine artery 
diameter, was responsible for decreased uterine 
artery fl ow in those with hypertension/pre- 
eclampsia. The degree of uterine artery fl ow 
reduction correlated with disease severity and 
adverse fetal outcomes [ 75 ]. In a population- 
based study in Lhasa, Tibet at 3,560 m the inci-
dence of pre-eclampsia/gestational hypertension 
was nearly double (5.9 % vs 10.3 %) among Han 
Chinese women compared to Tibetan women 
(OR 1.85, 95 % CI: 1.01, 3.33). The Han women 
who experienced pre-eclampsia/gestational 
hypertension had twice the odds of a poor neona-
tal outcome and more than four times the odds of 
having a low-birth-weight infant [ 76 ]. In three 
large hospitals in Lhasa, pre-eclampsia/gesta-
tional hypertension was the most common 
 maternal complication, occurring in 18.9 % of 
births [ 77 ]. 

 Placental morphologic and molecular changes 
in pre-eclampsia refl ect the response to chronic 
high-altitude hypoxia. Placentas from pre- 
eclamptic women (at high and low altitude) are 
characterized by shallow trophoblast invasion 
and incomplete remodeling of maternal uterine 
vessels. Comparison of placental tissue from 
high-altitude pregnancies, in vitro organ culture 
models under 3 % oxygen, and pregnancies com-
plicated by pre-eclampsia showed highly similar 
global gene expression profi les [ 78 ]. Both high- 
altitude and pre-eclamptic placental tissue 
showed increased expression of soluble vascular 
endothelial growth factor receptor-1 (sFlt-1), 
with mediation of the effect via HIF-1 [ 79 ].  

    Other Pregnancy Complications 
 A historical review of all deliveries in La Oroya, 
Peru (3,750 m) over a 15-year period documented 
that placental abruptions occurred three times 
more frequently than at sea level; the incidence 
increased in older women (6.8 % among women 
over 40 years) and with higher parity (3.4 % with 
parity greater than 4) [ 80 ]. Certain pregnancy 
complications, such as placental abruption and 

pre-eclampsia, may result in preterm delivery, 
either spontaneous or by medical intervention; 
however the marked disparities in mean birth-
weight observed between high and low altitudes 
or between population groups result from IUGR 
rather than prematurity. Recent studies confi rm 
that mean gestational age at high altitude is 
reduced by only a few days at most; the mean 
gestational age of Tibetan and Han Chinese new-
borns at 3,650 m was 39.4 and 39.2 weeks 
 respectively [ 76 ], consistent with observations in 
Colorado and South America [ 46 ,  48 ,  81 ].  

    Maternal Mortality 
 Maternal mortality is high in many countries 
where a substantial proportion of the population 
lives at high altitude [ 82 ]. While these statistics 
refl ect availability, access, and quality of health 
care as much as underlying risk, there are threats 
to maternal survival that are potentiated by high 
altitude. The increased incidence of pre- 
eclampsia carries with it the potential for life- 
threatening complications of eclampsia and 
cerebral hemorrhage. Severe forms of pre- 
eclampsia, such as the HELLP syndrome 
(Hemolysis, Elevated Liver enzymes, Low 
Platelets) can lead to irreversible hepatic injury 
or postpartum hemorrhage [ 83 ]. In the Tibet 
Autonomous Region, postpartum hemorrhage is 
the leading cause of maternal mortality [ 84 ]. In 
that region, up to 85 % of deliveries occur at 
home without the possibility of prompt transfu-
sion; large-volume blood loss paired with the 
dilutional anemia of pregnancy is likely made 
even more lethal by hypobaric hypoxia. 

 Reproduction is infl uenced by the high- 
altitude environment through sociocultural and 
physiological pathways. While there is no direct 
evidence for an effect of hypoxia on fertility, a 
variety of social, cultural, and religious practice 
contribute to the range of rates observed. Rates of 
fetal loss for populations resident at high altitude 
appear comparable to those at sea level. Fetal 
growth and pregnancy complications provide the 
strongest evidence for a direct effect of hypoxia 
at high altitude. Placental development appears 
to be regulated at least in part by oxygen-sensing 
mechanisms, and fetal growth refl ects the interplay 

18 Reproduction and Growth



348

of genetics, oxygen delivery, and nutrient supply 
of the fetus. Pre-eclampsia and hemorrhage, 
major causes of maternal mortality in any setting, 
pose special hazards at high altitude.    

    Late Fetal, Neonatal, and Infant 
Health and Mortality 

 Maternal genetic, constitutive, obstetrical and 
medical factors continue to act as strong determi-
nants of late fetal, neonatal, and to some extent, 
infant health and mortality. Estimates of mortality 
during the perinatal period, infancy, and child-
hood are elevated in many developing countries 
and countries in transition where a signifi cant 
proportion of the population lives at high altitude. 
Table  18.1  summarizes mortality statistics for 
several countries with an estimated >20 % of the 
population residing at >2,500 m [ 85 ]. Although 
rates do vary regionally, and determinants such as 
poverty, women’s status, armed confl ict, and 
political commitment to health account for much 
of the variation, the fact remains that rates for the 
major indicators of child and maternal mortality 
are elevated. Within countries, mortality has been 

demonstrated to rise with increasing elevation. 
Data from Peru and Bolivia show this trend for 
neonatal, infant, and under-fi ve mortality [ 86 –
 89 ]. Respiratory problems account for the major-
ity of neonatal and infant deaths in this region 
[ 90 ,  91 ]. Consistent with the theory of develop-
mental origins of adult disease, exposure to 
hypoxia during the fetal and neonatal periods 
may have consequences that extend into adult life 
and span generations [ 92 ].

      Stillbirths 

 Stillbirths, representing a combination of late 
fetal demises and intrapartum hypoxia-related 
deaths, likely result from a different set of factors 
than those mediating earlier fetal loss. In highly 
developed medical environments, intensive sur-
veillance of fetal growth and indices of well- 
being with the availability of early delivery and 
neonatal intensive care have largely erased alti-
tude differentials with respect to rates of still-
birth. In Bolivia, hypertensive complications of 
pregnancy increased the odds of stillbirth at high 
altitude (OR 6.0, 95 % CI: 2.2, 16.2) but not at 

   Table 18.1    Indicators of mortality in countries with estimated 20 % or more of population residing above 2,500 m and 
comparison indicators from predominantly low-altitude populations      

 Country 
 Under-5 
mortality rate a  

 Percent of under-5 
deaths due to 
pneumonia 

 Infant mortality 
rate b  

 Neonatal 
mortality rate c  

 Maternal 
mortality ratio d  

 Bolivia  65  17  52  27  420 
 Colombia  21  10  17  14  130 
 Peru  27  14  23  16  410 
 Bhutan  75  19  65  38  420 
 Kazakstan  73  17  63  32  210 
 Nepal  74  19  56  40  740 
 Tajikistan  71  20  59  38  100 
 Ethiopia  164  22  109  51  850 
 Singapore  3  9  3  1  30 
 United States  7  1  6  5  17 
 United Kingdom  6  2  5  4  13 

  Sources: Columns 1, 3–5 from UNICEF. State of the World’s Children, 2007 and column 2 from UNICEF/WHO. 
Pneumonia: The Forgotten Killer of Children 
  a Probability of dying between birth and exactly 5 years of age expressed per 1,000 live births, for year 2005 
  b Probability of dying between birth and exactly 1 year of age expressed per 1,000 live births, for year 2005 
  c Probability of dying during the fi rst 28 completed days of life expressed per 1,000 live births, for year 2000 
  d Probability of dying during or within 42 days of termination of pregnancy expressed per 100,000 live births, for 
year 2000  
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low altitude (OR 1.9, 95 % CI: 0.2, 17.5). The 
odds of fetal distress in labor were similarly 
increased (OR 7.3, 95 % CI: 3.9, 13.6). 
Populations living for multiple generations at 
high altitude in Peru had lower stillbirth rates 
than those with fewer generations at altitude [ 93 ]. 
In Lhasa, Tibet, the stillbirth rate was 0.8–1.4 % 
in Tibetan and Han Chinese delivering in large 
urban hospitals [ 77 ], while in Leh, Ladakh the 
stillbirth rate for facility deliveries was 4.5 % in a 
population with less antiquity at high altitude and 
less available medical care [ 30 ].  

    Neonatal Mortality 

 Neonatal mortality (deaths in the fi rst 28 days) 
accounts for a very high proportion of total infant 
mortality (deaths in the fi rst year) at high altitude. 
Globally, neonatal deaths account for approxi-
mately 50 % of infant deaths; a community-based 
ecological study in Ladakh documented an infant 
mortality rate near 20 % by retrospective struc-
tured interview methods, with 75–84 % of deaths 
in the fi rst month [ 30 ]. Such a pattern of very 
high mortality, rather than refl ecting prematu-
rity—as in developed settings, relates to fetal 
growth restriction, low birth weight, and respira-
tory distress. Birth weight was a strong predictor 
of neonatal mortality. Low body mass left neo-
nates more vulnerable to cold and decreased 
stores of fat and carbohydrate may have resulted 
in hypoglycemia, especially among stressed 
infants. Both of those pathways potentially led to 
respiratory distress. The high proportion of respi-
ratory infections, diarrhea, and other infections 
contributing to infant mortality may have related 
to the relatively compromised immune defenses 
that accompany growth restriction or stunting at 
birth [ 30 ]. A prospective study of hospital deliv-
eries in Lhasa, Tibet (1939 Tibetans, 511, Han, 
84 Hui) demonstrated an overall neonatal mortal-
ity rate of 42/1,000 with 22.2 % classifi ed as 
small for gestational age. Lower gestational age, 
vaginal delivery, fetal distress, and lack of prena-
tal care were associated with increased risk of 
death in multivariate logistic regression. Forty- 
fi ve percent of newborns admitted to the pediatric 

ward required supplemental oxygen for respiratory 
problems related to fetal distress, prematurity, or 
low birth weight [ 94 ]. In Bolivia, newborn respira-
tory distress was increased at high compared to low 
altitude (OR 7.3, 95 % CI: 3.9, 13.6  p  < 0.01) [ 73 ]. 
Although respiratory causes play an important role 
in neonatal mortality at any altitude, the hypoxemia 
of high altitude potentiates mortality, especially 
where supplemental oxygen is not available for 
treatment. Household conditions in the Andes and 
other resource- limited highland regions often mir-
ror those in the Himalaya, with household heating 
employing dung, coal, kerosene or wood, purpose-
fully limited ventilation to conserve heat, and high 
levels of indoor air pollution with carbon monoxide 
and particulates [ 30 ]. Not only does postnatal expo-
sure to indoor air pollution increase respiratory 
problems and potentially worsen hypoxemia 
through CO binding of hemoglobin, exposure dur-
ing pregnancy also has been associated with lower 
birthweight [ 95 ,  96 ].   

    Beyond Infancy: Growth 
and Development in Childhood 
and Implications for Adult Health 

    Growth and Nutritional Status 

 Whether at sea level or at high altitude, growth 
serves as an overall indicator of child health. 
Although stunting or slow growth are often 
reported among high-altitude populations, recent 
studies from South America suggest that slower 
linear growth relates more to socioeconomic sta-
tus and the availability of adequate nutrition than 
to hypoxia [ 97 – 99 ]. A positive secular trend in 
height, suggesting better growth with improved 
living conditions, supports this [ 100 ,  101 ]. 
Hypoxia may work indirectly to infl uence growth 
through blunting of appetite, symptomatic 
altitude- associated illness (link to cardiopulmo-
nary chapter), more severe consequences of acute 
respiratory infection, and high energy costs of 
activity, as all these circumstances may decrease 
nutritional intake and increase energetic demands, 
resulting in poor growth [ 102 ,  103 ]. 
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 Defi ciency of both macronutrients and 
micronutrients may result in malnutrition 
among children at high altitude. Where chronic 
food scarcity exists due to limitations on agri-
cultural production or poverty, protein-energy 
malnutrition follows after fetal growth restric-
tion, producing stunting from an early age. 
A community survey of Tibetan children dem-
onstrated consistently better height-for-age 
among urban than rural children, but no direct 
association of stunting with altitude [ 98 ]. The 
high-altitude ecology uniquely predisposes to 
micronutrient defi ciencies in vitamins A and 
D, iron, and iodine [ 104 ]. Vitamin A defi ciency 
is most common where fruit and vegetable 
consumption is low; it predisposes young chil-
dren to respiratory and gastrointestinal illness, 
blindness, and death. Iron defi ciency affects 
children and women of childbearing age world-
wide. At high altitude where erythropoietic 
demands are high and oxygen content of blood 
is reduced, anemia poses a risk for impaired 
neurodevelopment of children [ 105 ]. 
Evaluation of iron defi ciency at high altitude 
requires correction of hemoglobin values or 
measurement of body iron stores. In Bolivia, 
body iron stores of mothers and their children 
less than 5 years correlated strongly, and 
women living above 3,000 m had signifi cantly 
reduced iron stores [ 106 ]. Iodine defi ciency is 
especially prevalent in the Himalaya, where 
iodine salts have washed away from soils and 
iodine-rich or supplemented foods have lim-
ited distribution. Iodine defi ciency causes 
mental retardation and low intelligence quo-
tient; severe defi ciency can result in cretinism, 
birth defects, and stillbirth [ 104 ,  107 ]. Where 
cold climates require that infants and young 
children be kept inside or completely covered 
when outside, rickets (vitamin D defi ciency) 
may be prevalent. Among Tibetan children in a 
community survey, 66 % had clinical signs of 
rickets, and vitamin D levels in a subsample 
confi rmed defi ciency [ 98 ]. While malnutrition 
in childhood produces well-recognized life-
long consequences, these effects may be com-
pounded at high altitude by the late effects of 
fetal growth restriction.  

    Developmental Origins 
of Adult Disease 

 Under the hypothesis of developmental origins of 
adult disease, impaired fetal growth may predis-
pose to coronary heart disease, hypertension, dia-
betes, and other illnesses later in life. David 
Barker and colleagues observed that districts in 
England with the highest mortality from cardio-
vascular disease in 55–74-year olds also recorded 
the highest neonatal mortality 55–74 years prior 
[ 108 ]. Low birth weight proved to be a mediating 
link, and multiple subsequent large-scale surveys 
conducted in England (Hertfordshire, Sheffi eld), 
Sweden, Finland, Wales, USA and India, showed 
mortality rates from coronary heart disease nearly 
doubled when comparing low (<5.5 lb or 2,500 g) 
to normal birth weights, with a slight upward 
trend reappearing at high birth weights (>9.5 lb 
or 4,300 g) [ 109 ,  110 ]. The relationships per-
sisted after controlling for a range of lifestyle fac-
tors (smoking, exercise, employment, and alcohol 
consumption), suggesting that impaired growth 
in utero contributed to the mortality rise observed 
[ 92 ]. Subsequent studies using both human data 
and experimental animal preparations have 
shown that poor growth in utero not only affects 
the cardiovascular system but also the renal and 
endocrine systems, mediating the risk of hyperten-
sion and diabetes. Lower birth weight has been 
shown to predispose persons to other disorders 
including obesity, osteoporosis, schizophrenia, 
depression, cancers of the breast and ovary, and 
polycystic ovary syndrome [ 92 ]. While most stud-
ies have addressed the consequences of lower birth 
weight due to poor maternal nutrition, similar rela-
tionships have been observed when the birth 
weight reduction was due to other causes; how-
ever, no large-scale studies have tested the devel-
opmental origins hypothesis at high altitude. 

 The consequences of reduced birth weight at 
high altitude may be more important for the right 
side of the circulation than for the left side, which 
is where virtually all “fetal programming” stud-
ies to date have been performed [ 111 ]. Such 
“right-side” effects could infl uence the develop-
ment of the lung and its circulation at the levels 
of the airways, vasculature and/or respiratory 
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control. Experimental animal studies have shown 
that chronic hypoxia affects airway structure; rat 
pups whose mothers were exposed to 10 % F I O 2  
for 9 h on the last day of gestation and for 1–2 h 
after birth had a delayed increase in lung volume, 
impaired septation of gas exchange saccules, 
blunted expansion of gas exchange surface area, 
and accelerated thinning of the alveolar walls 
[ 112 ]. Consistent with chronic hypoxia affecting 
lung structure in humans are the observations that 
healthy newborns in La Paz (3,600 m) had 
33–37 % greater pulmonary compliance, abso-
lutely or on per kg, than babies born at low alti-
tude (300 m) [ 113 ]. Restricted diet during 
pregnancy in mice has been shown to result in 
pulmonary vascular dysfunction in the offspring 
(impaired endothelium-dependent pulmonary 
artery vasodilation, exaggerated hypoxia-induced 
pulmonary hypertension, and right ventricular 
hypertrophy) related to epigenetic change [ 114 ]. 
Similarly, exposure of pregnant ewes to high- 
altitude chronic hypoxia during gestation resulted 
in lambs with basal pulmonary hypertension and 
an increased pulmonary vascular response to 
acute hypoxia at sea level, despite evidence of 
enhanced pulmonary NO function [ 115 ]. In rela-
tion to respiratory control, chronic perinatal 
hypoxia delays the onset and decreases the venti-
latory sensitivity to hypoxia at maturity [ 116 –
 118 ]. Maturation of the chemoreceptor pathway 
also differs by gender, with prepubertal female 
rats having higher HVRs than males [ 119 ]. Sex 
hormones may be involved since progesterone 
enhances HVR and reduces the occurrence of 
apneas in rat pups, and prenatal estradiol block-
ade blunts HVR during the neonatal period [ 120 ]. 
These latter observations clearly have implica-
tions for explaining the blunted HVR and the 
male preponderance seen in CMS (see Chap.   22    ). 

 Low birth weight at altitude continues to medi-
ate mortality throughout the neonatal period and 
into infancy. Genetic adaptation and complications 
of pregnancy, as well as available medical facili-
ties, strongly infl uence the rate of stillbirth. Again, 
cultural and socioeconomic factors infl uencing 
indoor air pollution and diet shape the trajectory of 
health and growth during infancy and childhood. 
Exposure to hypoxia during fetal life may result in 

specifi c alterations during critical periods in the 
development of the respiratory system that predis-
pose to chronic mountain sickness in adult life. 
More generally, the link between low birth weight 
and other chronic diseases of adult life, such as 
coronary artery disease, hypertension, and diabe-
tes, await further investigation. 

 The continuum of reproduction, perinatal 
health, and growth at high altitude presents 
opportunities for signifi cant contributions from 
both clinical and basic science research. 
Increasingly accessible markers of conception 
and pregnancy health used with prospective 
methodology will permit greater understanding 
of early fetal loss, placental development, and 
complications of pregnancy. The high-altitude 
environment coupled with the tools of molecular 
biology provides an ideal opportunity to under-
stand the pathogenesis of pre-eclampsia. There is 
a crucial need to address the management of pre- 
eclampsia and postpartum hemorrhage within 
medical systems at high altitude if high rates of 
maternal mortality are to be reduced. Similarly, 
very high rates of stillbirth and neonatal mortality 
refl ect the need for greater emphasis on institu-
tional delivery and availability of appropriate 
medical care, including neonatal resuscitation 
and supplemental oxygen at high altitude. Even if 
short-term morbidity and mortality associated 
with low birth weight can be modifi ed, the long- 
term consequences for adult health warrant fur-
ther research.      
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    Abstract   

 This chapter reviews evidence that natural selection is acting or has acted 
on indigenous high-altitude populations of the Andean, Tibetan and East 
African plateaus and resulted in distinctive biological characteristics con-
ferring vigor and health. It describes the results of classic era and genomic 
era approaches to detecting natural selection. Genomic era evidence of 
natural selection on high-altitude populations is accumulating rapidly and 
broadly supports that from the classic era. An important remaining step is 
to associate phenotypic with genomic variation and to associate them with 
survival and reproduction, the demographic currency of natural selection.  
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 19      Human Evolution at High Altitude 

           Cynthia     M.     Beall     

       Now, can it be doubted, from the struggle each 
individual has to obtain subsistence, that any min-
ute variation in structure, habits, or instincts, 
adapting that individual better to the new condi-
tions, would tell upon its vigour and health? In the 
struggle it would have a better chance of surviving; 
and those of its offspring which inherited the varia-
tion, be it ever so slight, would also have a better 
chance. ….. Let this work of selection on the one 
hand, and death on the other, go on for a thousand 
generations, who will pretend to affi rm that it 
would produce no effect…? ([ 1 ] p. 49) 

      Introduction 

 Individuals moving to high altitude gradually 
encounter the “new condition” of hypobaric 
hypoxia and their responses vary widely. Darwin 
would have predicted that descendants from such 
a population resident at high altitude for a “thou-
sand generations” would differ in “structure, hab-
its, or instincts” from their colonizing ancestors. 
Consistent with such expectations, the “Andean 
man” – Quechua and Aymara populations resid-
ing on the altiplano – described by Carlos Monge 
C. and Alberto Hurtado starting in the 1930s had 
distinctive biological characteristics of [ 2 – 4 ]. 
The hypothesis that those distinctive characteris-
tics result from evolution by natural selection has 
been considered formally since the 1960s [ 5 ]. 
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 This chapter reviews evidence that natural 
selection is acting or has acted on indigenous high- 
altitude populations of the Andean, Tibetan and 
East African plateaus and resulted in distinctive bio-
logical characteristics conferring vigor and health. 
It examines briefl y the state of knowledge up to the 
end of the last century reviewed by Niermeyer et al. 
in the  predecessor to this volume [ 6 ]. They provided 
an insightful analysis of phenotypic evidence lead-
ing to the inference that natural selection has acted 
or is acting on high altitude populations. Because 
natural selection works on phenotypes with genetic 
variance, the rapid growth of genetic data and inves-
tigation since then has enabled new advances in our 
understanding. This chapter presents fi rst the classic 
strategies—relying largely on phenotypes and pro-
tein sequences—and then the genomic strategies 
relying on DNA variation and sequences alone or in 
combination with phenotypes.  

    Background 

 Some elements of the process of evolution by 
natural selection are straightforward at high alti-
tude. The unavoidable stress of hypobaric hypoxia 
is clear and so is the presence of distinctive traits 
such as the very high hemoglobin concentrations 
of Andean or exhaled nitric oxide levels of Tibetan 
highlanders [ 7 ,  8 ]. Other elements of the process 
are more challenging to detect: identifying inher-
ited variation in traits offsetting high-altitude 
hypoxia and associating them with survival and 
reproduction. As a result, the intriguing hypothe-
sis that high altitude hypoxia has been or is an 
agent of natural selection on highlanders remains 
the subject of intense work. 

 The laboratories for testing the natural selec-
tion hypothesis are the highland areas of the 
world populated by the more than 83 million 
people in 35 countries who live at 2,500 m or 
above, an altitude commonly used as a threshold 
for physiological response to hypobaric hypoxia. 
The estimate is based on census data from 1990 
to 2005 matched to a global elevation grid (see 
Appendix). The majority of those people live 
between 2,500 and 3,000 m (Figs.  19.1  and  19.2 ). 
The relatively few residents of the highest 
 altitudes where the altitude difference from 

sea level is largest and the stress is most severe 
are particularly informative for studies of natural 
selection.

    Another important consideration is the length 
of time, and number of generations, that natural 
selection has had the opportunity to act on resident 
populations. Long-term human occupation of 
high-altitude environments varies globally. People 
have been using the Tibetan Plateau for a very 
long time. A recent authoritative review stated that 
“Although the data are sparse, both archaeology 
and genetics suggest that the  plateau was occupied 
in the Late Pleistocene, perhaps as early as 
30,000 yr ago, and that these early peoples have 
left a genetic signature in modern Tibetans. ….. 
Three areas of the plateau…have evidence of per-
manent settlements dating from ca. 6500, 5900, 
and 3750 yr ago, respectively” ([ 9 ] p. 141). The 
Andean Plateau has been occupied for some 
11,500 years [ 10 ]. Maternal and paternal DNA 
link Andean skeletal remains from 650 to 1100  ad  
to modern highlanders [ 11 ]. The large, deep chest 
morphology of pre-contact skeletons also link 
ancient inhabitants to modern highlanders [ 12 ]. 
Less is known about the East African plateau 
where there is evidence of occupation at 2,300–
2,400 m in Ethiopia as long ago as 70,000 years 
ago although only as recently as 5,000 years ago at 
2,500 m or more [ 10 ,  13 ]. East Africa could have 
the longest or the shortest period of human adapta-
tion of the three plateaus. There is insuffi cient 
 evidence to reliably link these sites with any of the 
many modern ethnic groups in Ethiopia. 

 Considering a conservative model of 11,000 
years or 440 human generations of 25 years each, 
a mutation occurring at a frequency of 1/10,000 
or 0.0001 could reach a frequency of 1/2 or 0.5 if 
it increased in frequency by ~2 % each genera-
tion. Alternatively, if a founding population 
arrived with a pre-existing allele having a fre-
quency of 1/100 or 0.01 and if the allele were 
benefi cial at high altitude, it could reach a fre-
quency of 0.5 if it increased by ~1.5 % each gen-
eration. These increases are in the range reported 
for the lactase persistence allele that reached a 
frequency of 77/100 or 0.77 among northern 
Europeans in 5–10,000 years [ 14 – 16 ]. Therefore, 
there has probably been suffi cient length of resi-
dence on all three plateaus for a new mutation or 
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  Fig. 19.1    Map of areas of the world where people live at 2,500 m or higher       

  Fig. 19.2    The number of people estimated to live at various altitudes       
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an existing allele at a polymorphic locus to reach 
high frequencies in the indigenous populations. 

 Adaptive traits at high altitude, at least those 
we know about, are quantitative and continu-
ously varying rather than present or absent as in 
the case of the lactase persistence phenotype. 
Some continuous traits are infl uenced by a single 
gene with a large quantitative effect, while others 
are infl uenced by many loci with small effects as 
well as by environmental factors. An example of 
the former is the protein level and activity of 
angiotensin-converting enzyme (ACE). About 
45 % of the variance in ACE levels at sea level 
can be explained by an insertion/deletion poly-
morphism at a single locus [ 17 ,  18 ]. Height 
exemplifi es the latter, complex, type of trait. Just 
3 % of the variance in height is explained by the 
top 20 of 54 identifi ed associated chromosomal 
regions [ 19 ]. In practice with natural populations 
having long lifespans and generations, such as 
humans, it is easier to detect natural selection on 
traits infl uenced by a single or a few loci with 
large effects because the potential change in a 
trait from one generation to the next is directly 
proportional to the large heritable variance.  

    Research Strategies 

    Classic Era 

     1.    A classic strategy to detect natural selection 
correlates variation in traits with variation in 
the selective factor to infer that it is or was 
operating [ 20 ]. A large altitude range provid-
ing a wide range of the selective factor is 
desirable for such studies. Most studies 
implicitly or explicitly consider that  hypobaric 
hypoxia is the selective factor although tem-
perature, ultraviolet radiation, and infectious 
disease are among other potential selective 
factors that generally vary with altitude. 
Altitude gradients of a phenotype can be 
impractical for a single investigator to assem-
ble. As a result, many studies contrast one or 
two high altitudes with a low altitude control 
or combine the results of studies at various 
altitudes to produce a composite gradient. 
Phenotypic variation across altitude gradients 

is well-documented for many traits. For 
example, birth weight declines linearly [ 21 ] 
while hemoglobin increases exponentially 
with altitude in the Andes [ 22 ,  23 ].     
 In contrast to the many phenotypic examples, 

decades of attempts to identify altitude gradients 
in allele frequencies were unsuccessful. For 
example, analyses of 22 protein coding loci and 
seven loci involved in red blood cell glycolysis 
assayed in nearly 2,100 people along an altitude 
gradient from 300 to 4,000 m in the Chilean 
Andes found no allele frequency gradient [ 24 , 
 25 ]. Similarly, there was no gradient in genetic 
variance of four quantitative red blood cell traits 
(hemoglobin concentration, hematocrit, 
2,3-diphosphoglycerate (DPG), and adenosine 
triphosphate (ATP) levels) as would be expected 
if natural selection had reduced variance at high 
altitude [ 26 ]. 

 The authors’ suggested reasons for failing to 
detect an altitude gradient remain relevant for 
designing and interpreting studies nowadays and 
bear repeating. They wrote “Not fi nding evidence 
for genetic selection may be because of several 
factors. The physiological responses seen in resi-
dents of high altitudes and assumed to be adap-
tive may simply be within the normal range of 
physiological response in human populations. 
The Aymara migration from the altiplano 
[Andean plateau] to lower altitudes may be too 
recent for genetic changes to be detected. Finally, 
the particular genetic loci studied may be too 
remotely related to the physiology of high alti-
tude adaptation to be used in studying adaptation 
to hypoxia” ([ 24 ] p. 101). 

 Two recent successful instances of identifying 
an altitude gradient in allele frequency showed 
that important genes in crucial pathways can 
evolve. These genes were in a pathway that regu-
lates oxygen homeostasis in multicellular animals 
[ 27 ]. The HIF1 pathway is named after the master 
regulator of oxygen homeostasis, the hypoxia 
inducible factor 1 (HIF) discovered a decade or 
more after those early studies of altitude gradients. 
One study reported that certain variants in a key 
oxygen sensor  EGLN1  in the oxygen homeostasis 
system were more frequent among high- than low-
altitude Tibeto-Burman samples in India [ 28 ]. 
 EGLN1  is also known as  PHD2 . Table  19.1  lists 
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the genes mentioned in this chapter along with 
their names and chromosomal locations. The sec-
ond recent study confi rmed variation in  EGLN1  
along an altitude gradient among East Asian sam-
ples and added variation in  EPAS1  (also known as 
HIF2a or hypoxic inducible factor 2) [ 29 ].  EPAS1  
binds to another protein to form HIF2, a second 
transcription factor regulating the expression of 
hundreds of loci involved in the response to 
hypoxia [ 30 ] such as the erythropoietin ( EPO ) 
locus.
    2.     A second classic strategy involves perturbing 

natural populations in order to infer the past 
action of natural selection. This is imple-
mented in human populations with the 

“migrant model” comparing residents and 
migrants from one altitude to another [ 31 ]. It 
interprets differences between high altitude 
residents and upward migrants in the mean 
values of a trait associated with good func-
tion or offsetting hypoxia as evidence for a 
genetic basis for the trait in the high-altitude 
population. This strategy is somewhat like 
comparing the phenotypes of contemporary 
high-altitude populations after thousands of 
years of opportunity for natural selection with 
those of the early colonists adapting to high 
altitude by acclimatization or development. 
An informative illustration is a comparison 
of two samples of highland Andean ancestry 

   Table 19.1    Genetic loci mentioned in this chapter and identifi ed by the HUGO gene nomenclature committee (HGNC) 
(available at   http://www.genenames.org    )   

 Approved 
symbol for gene 

 HGNC 
gene ID #  Name or alias 

 Chromosome 
location 

 General role in hypoxia 
sensing or responding to HIF 

  ACE    2707  Angiotensin I converting 
enzyme (peptidyl- 
dipeptidase A) 1 

 17q23  HIF induced 

  HIF1A    4910  Hypoxia inducible factor 1, 
alpha subunit (basic 
helix-loop-helix transcription 
factor) 

 14q23.2  Hypoxia stabilizes 

  EPAS1    3374   HIF2A , endothelial PAS 
domain protein 1 

 2p21-p16  Hypoxia stabilizes 

  EGLN1    1232   PHD2 , egl nine homolog 1 
( C. elegans ) 

 1q42.1  Tags HIF-alpha for binding 
to VHL 

  VHL    2687  VHL1, von Hippel-Lindau 
tumor suppressor, E3 
ubiquitin protein ligase 

 3p25.3  Targets HIF1A for 
degradation 

  PRKAA1    9376   AMPKa1 , protein kinase, 
AMP-activated, alpha 1 
catalytic subunit 

 5p12  Along with HIF1A regulates 
energy metabolism 

  NOS2A    7873   iNOS , nitric oxide synthase 
2, inducible 

 17q11.2-q12  HIF1 induced 

  NOS3    7876   eNOS , nitric oxide synthase 
3 (endothelial cell) 

 7q36  Hypoxia down-regulates 

  EPO    3415  Erythropoietin  7q21  HIF1 induced 
  EDN1    3176  Endothelin-1,  ET1   6p24.1  HIF1 induced 
  CBARA1    1530  Mitochondrial calcium 

uptake 1 
 10q22.1  No known association with 

HIFs 
  VAV3   12659  vav 3 guanine nucleotide 

exchange factor 
 1p13.3  No known association with 

HIFs 
  ARNT2   16876  Aryl-hydrocarbon receptor 

nuclear translocator 2 
 15q25.1  Protein forms dimer with 

HIF1A 
  THRB   11799  Thyroid hormone receptor, 

beta 
 3p24.2  No known association with 

HIFs 
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born and raised at high and at low altitude 
with two samples of lowland European ances-
try born and raised at high and at low altitude. 
It revealed that both populations had larger 
forced vital capacities if they grew up at high 
altitude. However, a larger effect among those 
of Andean descent indicated that both devel-
opmental exposure and genetic ancestry con-
tributed to the trait of large forced vital 
capacity at high altitude [ 32 ].    
  Relying largely on evidence obtained using 

these two strategies, Niermeyer et al. [ 6 ] identi-
fi ed seven “differences in adaptive success 
between natives and newcomers….” To the extent 
possible, those authors took care to consider the 
alternative hypothesis that developmental adapta-
tion or acclimatization accounted for the differ-
ences. The differences in all traits were in the 
direction of better function for the indigenous 
high-altitude populations. The traits were less 

intrauterine growth retardation, better neonatal 
oxygenation and involution of fetal cardiopulmo-
nary characteristics, enlarged lung volumes and 
decreased alveolar-arterial oxygen diffusion gra-
dients, higher maximal work capacity, better 
maintained increase in cerebral blood fl ow dur-
ing exercise, lower hemoglobin concentrations 
(Tibetans only), and less susceptibility to chronic 
mountain sickness (CMS) (Tibetans only) among 
natives than among newcomers (Table  19.2 ).

   Subsequent work has added two more traits to 
the list: higher nitric oxide levels among high-
landers (Tibetans only) and higher uterine artery 
blood fl ow and oxygen delivery during preg-
nancy. Acute exposure to hypoxia in lowlanders 
causes a decrease in exhaled nitric oxide fol-
lowed by a return to baseline or slightly above 
[ 33 – 38 ], however they do not elevate levels to 
those observed among Tibetan highlanders [ 8 ,  37 ]. 
Similarly, women who migrated themselves or 

      Table 19.2    Differences in adaptive success between lifelong high-altitude natives and acclimatized newcomers 
(updated from ([ 6 ], p. 84)), types of supportive evidence for the past action of natural selection, and disease indicators 
of unsuccessful adaptation. The differences favor better function among natives and seem to differ from the normal 
range of homeostatic response to hypoxia. These patterns form a major body of evidence that natural selection has 
modifi ed the biological characteristics of high-altitude natives   

 Altitude natives—acclimatized 
newcomer differences 

 Altitude gradient 
evidence 

 Altitude extremes 
evidence 

 Diseases indicating unsuccessful 
adaptation 

 Source: Niermeyer et al. [ 6 ] 
 Less intrauterine growth 
retardation 

 Present  Present  Low birthweight, pre-eclampsia 
[ 131 ,  132 ] 

 Better neonatal oxygenation and 
involution of fetal cardiopulmonary 
characteristics 

 Not enough data  Present  Elevated pulmonary artery 
pressure, increased prevalence of 
patent ductus arteriosus [ 133 ,  134 ] 

 Enlarged lung volumes and 
deceased alveolar-arterial oxygen 
diffusion gradients 

 Not enough data  Present  – 

 Higher maximal exercise capacity  Present  Present  – 
 Better maintained increase in 
cerebral blood fl ow during exercise 

 Not enough data  Present  – 

 Lower hemoglobin concentration 
(Tibetans only) 

 Present  Present  Andean excessive erythrocytosis 
[ 135 ] 

 Less susceptibility to chronic 
mountain sickness (CMS) 
(Tibetans only) 

 Not enough data  Present  Chronic mountain sickness 

 Update since [ 6 ] 
 Higher exhaled nitric oxide 
(Tibetans only) 

 Not enough data  Present  Excessive hypoxia pulmonary 
vasoconstriction [ 38 ] 

 Physiological responses to 
pregnancy favor good outcome 

 Not enough data  Present  Higher neonatal mortality [ 39 , 
 136 ] 
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whose recent ancestors migrated, do not increase 
uterine artery blood fl ow to the same degree as 
highland women [ 39 ]. Table  19.2  also lists some 
diseases of the reproductive, cardiovascular, and 
hematological systems refl ecting unsuccessful 
adaptation that may have beset early colonists 
such as pre-eclampsia, pulmonary hypertension, 
congenital heart anomalies, excessive erythrocy-
tosis, and CMS. Genetic variants contributing to 
the differences in adaptive success would likely 
have increased in frequency along with those 
associated with decreased vulnerability to the 
diseases. 

 The “admixture model” adapts the migration 
strategy to take advantage of gene fl ow occurring 
in the Andes over the past 500 years of European 
and indigenous highlanders’ co-residence and 
potential for intermarriage. Blending classic and 
genomic strategies, it quantifi es individuals’ 
 proportion of Native American ancestry on a scale 
ranging from 0 to 100 % as assessed by a panel of 
ancestry informative single nucleotide polymor-
phisms (SNPs) [ 40 ]. For example, a sample of 
low-altitude natives with an average estimated 
“Native American Ancestry Proportion” (NAAP) 
of 85 % was perturbed by a trip to 4,338 m and 
tested after 10–12 h there. Higher NAAP corre-
lated with lower hypoxic ventilatory response 
after 10 min of experimental hypoxia at high alti-
tude and with lower ventilation during exercise, 
both characteristics of Andean highlanders that 
differ from those of Tibetans. The authors 
asserted that this was “the fi rst direct evidence 
that ventilatory traits, probably unique to 
Andeans, have a population genetic basis. Our 
quantifi cation of ancestry as an independent vari-
able has led us to infer both a genetic mechanism 
and an evolutionary origin for these traits” ([ 40 ] 
p. R232). Continuing with that study design, low-
landers with a high proportion of Andean ances-
try experienced a smaller fall in maximal oxygen 
consumption tested within 24 h at 4,338 m [ 41 ]. 
However, there was no similar evidence for 
forced vital capacity or maximal oxygen con-
sumption [ 42 ]. Those results imply that natural 
selection produced a distinctive Andean gene 
pool at unknown loci infl uencing some although 
not all distinctive Andean traits.

    3.    A third classic strategy to detect natural 
selection is the cross-population strategy 
comparing multiple indigenous populations 
exposed to the same environment [ 43 ]. If phe-
notypes differ among populations exposed to 
the same stress, after taking into account 
potential confounding factors, it suggests that 
natural selection favored different responses. 
Table  19.3  presents the compilation by 
Niermeyer et al. [ 6 ] summarizing phenotypic 
differences between Tibetan and Andean 
highlanders. It includes less intrauterine 
growth retardation, greater reliance on redis-
tribution of blood fl ow than elevated arterial 
oxygen content to increase uteroplacental 
oxygen delivery during pregnancy, higher 
resting ventilation and hypoxic ventilatory 
responsiveness, less hypoxic vasoconstriction 
as measured by lower pulmonary arterial pres-
sure and  resistance, less susceptibility to CMS 
among Tibetan than among Andean highlanders.
       Additions to that list include evidence of 

higher nitric oxide levels among Tibetans than 
among Andean highlanders and the direct asso-
ciation of nitric oxide levels with pulmonary and 
systemic blood fl ow among Tibetans [ 38 ,  44 ,  45 ]. 
Another addition may be higher cerebral blood 
fl ow among Tibetan than among Andean high-
landers [ 46 ]. The addition of lower percent of 
oxygen saturation of hemoglobin refl ects fi nd-
ings of studies using the same protocol [ 47 ,  48 ]. 
A possible deletion is lower pulmonary artery 
pressure among Tibetans than Andean highland-
ers. Two recent studies of minimally elevated 
pulmonary artery pressure in samples of healthy, 
non-miners of Andean ancestry reported values 
very similar to the low values among Tibetans 
[ 49 ,  50 ]. The explanation for the difference 
between those and earlier studies of pulmonary 
hypertension among Andean highlanders could 
be that many, although not all, early studies of 
this trait were conducted with samples of miners 
in the Central Andes. There they may have been 
confounded by non-altitude-related environmen-
tal factors. Later studies found elevated cobalt 
levels in the water that exaggerated the hemoglo-
bin concentration levels and have caused 
 cardiomyopathy and elevated pulmonary artery 
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pressure at low altitude [ 51 ,  52 ]. Similarly, 
experimental evidence shows that iron status 
infl uences hemoglobin levels at high altitude [ 53 ] 
and that iron supplementation may reduce pul-
monary artery pressure under hypoxia [ 54 ]. 
Those fi ndings emphasize the need for consider-
ing a growing number of known confounding 
factors in order to have the most informative 
 phenotypic data. 

 Information on East African highlanders, spe-
cifi cally of the Amhara ethnic group of Ethiopia, 
is sparse although accumulating. Consider the 
evidence for differences in adaptive success 
between high-altitude natives and acclimatized 
newcomers (Table  19.2 ), Amhara highlanders 
have large lung volumes, lower hemoglobin con-
centrations and higher oxygen saturations of 
hemoglobin [ 55 ,  56 ]. Considering the cross- 
population differences among highlanders 
(Table  19.3 ), the evidence remains sparse. With 
respect to intrauterine growth retardation as mea-
sured by birthweight, publications from Ethiopia 

are not very informative about altitude. They 
generally do not distinguish among ethnic 
groups, are usually put into the context of prob-
lems and interventions to raise birthweights and 
are available for the relatively low and narrow 
altitude range of 1,300–2,300 m. Mean birth-
weights for healthy singleton hospital deliveries 
were in the 3.1–3.3 kg range [ 57 – 63 ]. A focused 
study of altitude effects on intrauterine growth in 
East African would be valuable. The birthweights 
are 100–200 g lower than predicted for Tibetan, 
Andean or European populations at the corre-
sponding altitudes although they are higher than 
predicted for Han Chinese [ 64 ]. 

 The Amhara have the highest systolic pulmo-
nary artery pressures among samples of the three 
populations along with high pulmonary blood fl ow 
and low pulmonary vascular resistance [ 65 ]. That 
pattern of high pressure accompanied by high fl ow 
and low resistance is different from the  classic pat-
tern based on the Andean model of high pressure 
and resistance owing to pulmonary  vasoconstriction. 

      Table 19.3    Differences in adaptive success between Tibetan and Andean highlanders (updated from [ 6 ]), and relevant 
measures of genetic variance and fi ndings from genomic studies. The measures inform about the possibility of ongoing 
selection for the traits because selection works on variation than can be inherited. This information guides study inter-
pretation by directing attention to information needed to study ongoing natural selection   

 Tibetan and Andean highlanders—differences  Presence of genetic variance 

 Source: Niermeyer et al. [ 6 ] 
 Tibetans have less intrauterine growth retardation  No data 
 Tibetans have greater reliance on redistribution of blood 
fl ow than elevated arterial oxygen content to increase 
uteroplacental oxygen delivery during pregnancy 

 No data 

 Tibetans have higher levels of resting ventilation and 
hypoxic ventilatory responsiveness 

 h 2  for resting ventilation is 0.32 and insignifi cant; for 
hypoxic ventilatory responsiveness it is 0.35 and 0.22, for 
Tibetans and Andean highlanders respectively; admixture 
studies identify Andean adaptations [ 40 ,  41 ,  91 ] 

 Tibetans have less hypoxic vasoconstriction as measured 
by lower pulmonary arterial pressure and resistance 

 No data 

 Tibetans have lower hemoglobin concentration  h 2  is 0.61 and 0.89 for Tibetans and Andean highlanders; 
respectively; Tibetans have high frequencies of alleles 
associated with lower hemoglobin concentration [ 89 – 91 ] 

 Tibetans are less susceptible to chronic mountain sickness  No data; variance in some loci associated with 
hemoglobin are excluded for Andean highlanders, 
genome-wide analyses found no associations [ 114 ] 

 Update since [ 6 ] 
 Tibetans have lower percent of oxygen saturation of 
hemoglobin when measured using the same protocol 

 h 2  ranges from 0.33 to 0.47 for Tibetans and is insignifi cant 
for Andean highlanders; ACE and other genotypes 
contribute to variation among Andean highlanders [ 41 ,  118 ] 

 Tibetans have higher exhaled nitric oxide  No data 
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Continuing a trend of investigating blood fl ow, a 
study found that the cerebral  circulation of Amhara 
was relatively insensitive to hypoxia as compared 
with Andean highlanders and concluded that such a 
response could contribute to high cerebral blood 
fl ow at altitude rather than the usual response of 
reducing cerebral blood fl ow [ 66 ]. 

 With respect to hematological traits, early evi-
dence suggested that Amhara adapted like the 
Tibetans in the sense of having little altitude- 
associated increase in hemoglobin concentration 
and uniquely in the sense of having little decrease 
in oxygen saturation of hemoglobin. Later work 
has shown that Amhara can increase hemoglobin 
concentration and decrease oxygen saturation 
somewhat at altitudes above 3,500 m [ 55 ,  65 ,  67 ]. 
That suggests that the Amhara threshold for 
hematological response lies in between Andean 
and Tibetan populations. However, excessive 
erythrocytosis measured in terms of very high 
hemoglobin concentration has not been observed. 

 Although measures of exhaled nitric oxide 
have not been made, urinary measures of total 
body nitric oxide synthesis show that Amhara at 
high and low altitude [ 65 ] have lower synthesis 
than Tibetans. Finally on the list evaluating pos-
sible population differences, a report on physio-
logical responses to pregnancy found 
pre-eclampsia at about 5 % [ 68 ] in a hospital at 
2,300 m. The rate in the US varies from roughly 
1 to 5 % depending on ethnicity [ 69 ]. Because 
pre-eclampsia is generally more prevalent in 
developing countries [ 70 ], it is probably inappro-
priate to infer with these data any association 
with altitude. Overall, although data are sparse, 
they suggest the possibility that Amhara high- 
altitude natives in Ethiopia may represent a third 
pattern of population adaptation to high altitude, 
one with distinctive hematological and cardio-
vascular characteristics.
    4.    Quantitative and statistical genetics tech-

niques are additional classic strategies. 
Quantitative genetics estimate the heritability 
(h 2 ), the proportion of total variance in a trait 
that is accounted for by biological kinship 
among individuals in a population. It may 
range from 0 to 1.0 with zero indicating no 
genetic contribution and one indicating no 
non-genetic contribution to variation in the 

trait. Because natural selection requires 
genetic variance, a signifi cant h 2  indicates the 
potential for ongoing natural selection. A lack 
of genetic variance indicates no current poten-
tial for ongoing selection, perhaps because a 
past selective sweep removed it or perhaps 
another trait is preventing its expression. 
Tibetan samples generally have higher genetic 
variance, in the range of 0.3–0.7 commonly 
considered moderate to high levels, than 
Andean samples with the exception of hemo-
globin concentration for which both have high 
variance (Table  19.3 ). Research using genomic 
techniques described below confi rmed and 
extended that evidence of genetic variance.    
  Complex segregation analyses test the hypoth-

esis that levels of a quantitative trait are inherited 
in Mendelian fashion. Such analyses detected a 
major gene at an unknown locus with an autoso-
mal dominant mode of inheritance among Tibetans 
associated with 6–10 % higher percent of oxygen 
saturation of hemoglobin. Tibetan women esti-
mated with high probability to have one or two 
copies of the inferred autosomal dominant allele 
had more than twice as many living children as 
compared with women estimated to be homozy-
gous recessive for the low saturation allele [ 71 ]. 
That evidence linking inferred genotypes with off-
spring survival suggests that very strong natural 
selection is increasing the frequency of the inferred 
allele at the unknown locus. 

 The cross-species strategy compares multiple 
species exposed to the same environment [ 43 ]. 
Traits common to a wide range of organisms with 
long histories of high-altitude habitats may indi-
cate expression of a common inherited response. 
The few data about our closest biological rela-
tives, other primate species, come from Old World 
monkeys. Upon acute exposure, pig-tailed 
macaques increase hemoglobin concentration 
[ 72 ], suggesting an inherited response in common 
with human visitors to altitude and Andean high-
landers. Mitochondrial DNA shows evidence of 
altitude differences in allele frequencies among 
snub-nosed macaques resident at 4,000 m [ 73 ]. 

 Data are relatively abundant for more distantly 
related species. An illustration is deer mice 
 populations resident along an altitude gradient in 
the Rocky Mountains of the U.S. that exhibit a 
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parallel gradient of higher frequency at higher 
altitude of alleles in the beta chain of hemoglobin 
that increase oxygen affi nity [ 74 ]. High oxygen 
affi nity of hemoglobin has been reported for numer-
ous high-altitude species and is accomplished by at 
least two different mechanisms, although people on 
the Andean and Tibetan Plateaus do not have the 
trait [ 75 – 78 ]. Instead, visitors, Tibetan and Andean 
highlanders achieve lower oxygen affi nity as a 
result of high levels of the red blood cell enzyme 2, 
3 DPG that lowers oxygen binding to hemoglobin 
[ 79 ]. High affi nity enhances pulmonary loading 
while low affi nity enhances tissue offl oading of 
oxygen. That response, however, is offset by higher 
ventilation [ 76 ]. 

 An infl uential cross-species analyses by 
Monge and Leon-Velarde proposed that high- 
altitude animals such as llamas and yak are 
“genotypically adapted” while others such as 
cows introduced in the past few 100 years are 
“phenotypically adapted” [ 80 ]. According to 
their analysis, genotypically adapted organisms 
have high hemoglobin affi nity, moderate or 
absent polycythemia, low venous pO 2 , thin- 
walled pulmonary vascular trees that respond 
moderately to hypoxia, and the absence of CMS. 
Table  19.4  presents the fi ve traits characterizing 
the two categories of adaptations and indicates 
the phenotypic resemblance of Tibetan and 
Andean highlanders to one or the other category 
of adaptation. Tibetans exhibit three of the geno-
typically adapted phenotypic features—moder-
ate or absent polycythemia, thin-walled 

pulmonary vasculature, little CMS, do not exhibit 
high hemoglobin affi nity, and there are no data 
on venous pO 2 . In contrast, Andean highlanders 
exhibit four of the phenotypically adapted phe-
notypic features but not a fi fth, low venous pO 2  
[ 81 ]. The concept of cryptic adaptive evolution 
has been proposed to explain the contrast between 
genotypically and phenotypically adapted spe-
cies. It reasons that “In cases in which the accli-
matization response to hypoxia is maladaptive, 
selection will favor an attenuation of the induced 
phenotypic change” ([ 79 ] p. 4125). Benefi cial 
outcomes include maintaining adaptability to 
further stress and avoiding the costs of sustained 
acclimatization responses. Some of the Tibetan—
Andean contrasts can be interpreted with this 
concept, for example the relatively dampened 
hemoglobin response and relatively low pulmo-
nary artery pressures of the Tibetans. That is, 
those phenotypes may resemble those of low-
landers as a result of selection at high altitude.

   Thus, a large body of mainly phenotypic data 
supports the hypothesis that natural selection has 
acted on indigenous highland populations of the 
Andean and Tibetan Plateaus. There are links with 
reproductive success. The situation on the East 
African Plateau is not clear because of lack of 
information. These informative studies have gen-
erally not dealt with specifi c genetic loci or vari-
ants. Thus it has not been possible to test formal 
population genetics “null models” of no selection. 
That situation has changed rapidly with the imple-
mentation of genomic strategies [ 82 – 85 ].  

   Table 19.4    Characteristics of genotypically and phenotypically adapted high-altitude animals (categories identifi ed by 
[ 80 ]) compared with cross-population evidence about Tibetan and Andean high-altitude native phenotypes. Tibetans 
share several traits in the genotypically adapted category while Andean highlanders share all but one of the traits in the 
phenotypically adapted category. This was further evidence that past natural selection might be more evident among 
Tibetans   

 Trait 

 Genotypically 
adapted high-altitude 
animals 

 Tibetan 
high-altitude 
natives 

 Andean 
high-altitude 
natives 

 Phenotypically 
adapted high-altitude 
animals 

 High hemoglobin affi nity (low p50)  Present  Absent  Absent  Absent 
 Moderate or absent polycythemia  Present  Present  Absent  Absent 
 Low venous pO 2   Present  No data  Present  Absent 
 Thin-walled pulmonary vascular tree 
that responds moderately to hypoxia 

 Present  Present  Absent  Absent 

 Absence of chronic mountain sickness 
(CMS) 

 Present  Present  Absent  Absent 
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    Genomic Era 

    Genomic-Wide Approach 
 Since the completion of the fi rst survey of the 
human genome in 2000 and especially since the 
publication of the fi rst haplotype map of the 
human genome in 2005 [ 86 ], the genomic era is 
providing an abundance of new strategies to 
detect “signals of natural selection” in the 
genome [ 83 ,  86 – 88 ]. The genomic era burst onto 
the high-altitude scene in 2010–2011 with the 
publication of seven articles reporting signals of 
selection detected in Tibetan samples, three of 
which also reported specifi c genotypes that asso-
ciated with the distinctively low hemoglobin con-
centration of Tibetans [ 29 ,  89 – 95 ]. Extensive 
analysis and commentary followed as did a report 
on an East African sample [ 79 ,  95 – 103 ]. 

 It is extraordinary that every one of the seven 
studies of Tibetans identifi ed  EPAS1  ( HIF2A ) and 
four identifi ed  EGLN1  ( PHD2 ) loci as playing a 
role that population’s genetic adaptation to high 
altitude. More than a dozen samples of Tibetans 
across a wide swathe of the plateau provided evi-
dence. It is extraordinary for the degree of con-
sensus and replication among studies with 
different designs and analyses as well as extraor-
dinary because those two loci are central to the 
pathways regulating oxygen homeostasis in all 
vertebrates [ 104 – 106 ]. This ancient homeostatic 
biochemical system that participates in many bio-
chemical pathways has apparently tolerated adap-
tive variants [ 107 ]. A change in HIF regulation by 
oxygen could be one route to effi ciently cause 
many adaptive responses. Yet the results of that 
cascade and others it initiates could be too far-
reaching and have maladaptive consequences. So 
far it appears that the Tibetan population benefi ts. 
The causal mutation(s) (and whether it is indeed 
new or unique to Tibetans) and the functional 
links between genotype and phenotype remained 
to be discovered. The extent to which hemoglobin 
levels are the target of selection or a pleiotropic 
manifestation of selection on another trait is 
another important point to address in future work. 

 Such genomic strategies differ fundamentally 
from the classic strategies seeking to discover and 
explain the distinctive phenotypes of high- altitude 

natives. Genomic strategies are potentially useful 
for identifying inductively areas of the genome 
and thus certain loci under selection that may 
underlie distinctive high-altitude phenotypes 
traits or even suggest new phenotypes to investi-
gate. That is, they can be applied without prior 
knowledge of the relevant loci or phenotypes. 
This may be counterintuitive to many scientists 
studying high-altitude adaptations who are 
intensely interested in the phenotypes involved in 
maintaining homeostasis under severe and 
chronic stress. Yet, the two strategies are comple-
mentary and ask related questions using different 
data and outcome measures. 

 The basic concept of genomic signals of natu-
ral selection involves interpreting patterns of sim-
ilarity or differences in variation emerging after 
genotyping SNPs at (usually) hundreds of thou-
sands or even more than a million loci throughout 
the entire genome of individuals in samples of 
one or more populations. “This approach is based 
on the idea that natural selection introduced a 
local perturbation in the patterns of neutral genetic 
variation surrounding an advantageous allele rela-
tive to regions where variation is shaped only by 
genetic drift” ([ 83 ] p. 198). 

 Analyzing signals of natural selection can 
involve (a) one of several measures of allele fre-
quency differences between two or more samples, 
ideally including the ancestral and descendent 
populations or (b) identifying haplotypes, mea-
suring haplotype frequencies, and haplotype 
homozygosity within or between samples. 
Haplotypes are combinations of polymorphisms 
along a stretch of DNA; in the case of SNPs, 
many regions of the genome have just a few com-
binations. For the purposes of analyzing natural 
selection, haplotypes are generally identifi ed as 
groups of alleles on a chromosome that are inher-
ited together as a block because “they are 
descended from a single ancestral chromosome” 
[ 83 ]. A high frequency of a distinctive haplotype 
is evidence of past positive natural selection for a 
mutation in that group of SNPs inherited together. 
The causal mutation could be in a measured SNP 
or an unmeasured one inherited in the same block. 
If the haplotype is universal in a sample then that 
is evidence that a selective sweep occurred. 
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 Genome-wide signals have different strengths 
to detect selection depending on what happened. 
A variety of signals of natural selection were 
measured in the studies of Tibetans because there 
was no prior knowledge of what had happened. 
Relevant features to consider when designing and 
interpreting studies include whether the current 
frequency of the selected allele or haplotype is 
moderate (50–80 %) or high (more than 90 %), 
whether selection occurred on standing or on new 
variants, and the length of time an allele existed 
before selection and how long since selection 
began [ 83 ,  108 ,  109 ]. For example, some alleles 
with frequencies in the range of 50–80 % in 
Tibetan samples had frequencies of just 10–30 % 
in the HapMap Han sample [ 94 ]. The moderately 
high frequency in the Tibetan samples means that 
an approach relying solely on cross-population 
analysis of haplotypes might have been unsuc-
cessful because there is less statistical power 
when allele frequencies are moderate. However, 
 EPAS1  alleles associated with lowered hemoglo-
bin concentration among Tibetans had larger dif-
ferences with allele frequencies of 80 % or more 
among Tibetans and 20 % or lower among the 
HapMap Han [ 89 ]. That is in the range where 
cross-population extended haplotype homozy-
gosity measures have the most statistical power 
[ 108 ,  109 ]. The SNP analyses in that study were 
based on a custom array designed to genotype 
 EPAS1  as a candidate locus. Many of those SNPs 
are not included on commercial arrays. 

 With respect to the age of the allele, some of 
the variants found in high frequency among 
Tibetans are found globally which implies that 
they are very old. If so, then selection had a long 
time to act before the ancestral population 
migrated to Tibet and for recombination to occur 
that would remove some types of selection sig-
nals. Similarly, because at least some Tibetans 
have been at altitude for tens of millennia, there 
would have been time for haplotypes to decay due 
to recombination. Both historical features could 
compromise approaches based on haplotype 
length [ 29 ,  109 ]. For such reasons, most studies 
report the results of multiple signals of selection. 

 The effect of the high-frequency-in-Tibetans 
alleles on hemoglobin concentration varied among 

samples. The largest was a 1.7 g/dL decrease in 
hemoglobin concentration with each additional 
copy of the Tibetan haplotype. That was reported 
for a sample that included people who would have 
been excluded from a study of normal variation 
because of low values in the range of anemia and 
high values in the range of polycythemia [ 90 ]. The 
smallest effect, yet still appreciable at around one-
half a standard deviation, was 0.8 g/dL lower 
hemoglobin with each additional copy of the 
Tibetan SNP allele. That was reported for a sample 
that had been extensively screened to include only 
normal, healthy individuals outside the normal 
range of variation [ 89 ]. Both fi ndings among 
Tibetans contrast with those from a genome-wide 
analysis among more than 24,000 low altitude 
Europeans. It detected tiny associations with hemo-
globin concentration ranging only as high as 
0.06 g/dL [ 110 ] and did not identify the loci that 
emerged as infl uential among Tibetans. The con-
trast illustrates again information based on loci 
identifi ed or excluded on the basis of associations 
at low altitude may not apply to high-altitude popu-
lations. Interestingly, the loci associated with 
hemoglobin concentration among Tibetans varia-
tion was not associated with percent of oxygen 
saturation of hemoglobin [ 90 ,  91 ]. 

 Similar genomic analyses of an Andean sam-
ple identifi ed  EGLN1 ,  PRKAA1 , and  NOS2A  as 
possible candidates for having undergone selec-
tion although no tests of association with high- 
altitude phenotypes have been reported [ 92 ,  93 ]. 
The Andean highlanders from two ethnic groups 
were compared with highland Tibetans, lowland 
Mesoamericans, Europeans, and East Asians. 
The SNPs identifi ed in  EGLN1  in the Andean 
samples were not the same as those identifi ed in 
the Tibetan samples described above. Those anal-
yses are consistent with the known pattern of dif-
ferent phenotypic patterns among highland 
Tibetan and Andean natives (Table  19.3 ). 

 A highland Amhara population from Ethiopia 
was compared with two unrelated lowland popula-
tions and four completely different loci were iden-
tifi ed as candidates for having undergone 
selection— CBARA1 ,  VAV3 ,  ARNT2 , and  THR . 
Those results support a hypothesis of a different 
history of natural selection. Tests of association 
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with hemoglobin concentration were undertaken 
without fi nding signifi cant results, perhaps because 
more than half of one of the low altitude samples 
had hemoglobin levels below the usual cutoff for 
anemia [ 96 ]. A different highland Amhara sample 
from Ethiopia was compared with an Amhara low-
land sample. The samples were screened for 
potential confounding factors that could infl uence 
hemoglobin concentration. The study found no 
evidence that  EPAS1  or  EGLN1  variants associ-
ated with hemoglobin concentration or oxygen 
saturation of hemoglobin. Instead, using a genome-
wide analysis, it detected a single variant at another 
locus not associated with a currently known gene 
that associated with hemoglobin concentration at 
both high and low altitudes [ 56 ]. These fi ndings 
suggest the possibility of convergent evolution on 
the same phenotype of dampened hematological 
responses to high-altitude hypoxia using different 
genetic pathways. 

 In contrast to the genome-wide approaches, 
candidate gene approaches are hypothesis-driven 
and have been described succinctly as follows. 
“Such studies rely on intelligent reviews of all the 
available scientifi c literature and the proposal of a 
system thought to be of relevance (the  candidate 
system ).” From this, a key component is chosen 
(perhaps a rate-limiting enzyme) and its gene iden-
tifi ed (the  candidate gene ). A polymorphic variant 
is then identifi ed in the gene …. ([ 82 ] p. 125). 

 The HIFs and their target genes have been the 
focus of candidate analysis. The target genes are 
inducible by the family of transcription factors 
including HIF1 and HIF2 described above. 
Before publication of the evidence about  EPAS1 , 
attention focused on  HIF1A . 

 A case–control study of Sherpas tested for an 
association of  HIF1A  and  VHL  variants with 
Acute Mountain Sickness symptoms at extremely 
high altitude. The VHL protein targets HIF1A 
and EPAS1 for ongoing degradation when oxy-
gen levels are normal for low altitude. The study 
found no association, although it did acknowl-
edge that it had low statistical power owing to the 
small sample size of 49 cases and 54 controls 
[ 111 ]. Another study reported a new sequence in 
the  HIF1A  gene among Sherpas as compared with 
Japanese and also reported other allele frequency 

differences at that locus [ 112 ]. In contrast, the 
 HIF1A  sequence of Andean highlanders did not 
differ from that of low-altitude controls [ 113 ]. A 
case–control study examining a number of genes 
involved in the response to hypoxia found no 
association with CMS in an Andean sample 
[ 114 ]. The Sherpa results suggested tentatively 
the possibility of a new adaptive mutation while 
the Andean did not. However, none of the studies 
of genome-wide variation identifi ed  HIF1A  vari-
ants as likely to have undergone selection at alti-
tude in either population. An explanatory 
hypothesis reasons that because HIF1 is expressed 
in all tissues, it may have little latitude for varia-
tion whereas HIF2 is expressed in fewer tissues 
and could have more focused effects [ 98 ]. 

 With respect to variance in the response to HIF, 
the candidate gene fi rst examined among high-alti-
tude populations was  ACE . It has a polymorphism 
associated with athletic ability and in some cases 
with successful adaptation to acute exposure to high 
altitude [ 115 ]. The variants are called the insertion 
(I, associated with better endurance and with meta-
bolic effi ciency) and deletion (D, associated with 
power and strength) alleles. At high altitude, I allele 
genotypes were associated with lower pulmonary 
artery pressure—better functional adaptation—in a 
sample of lowlanders acutely exposed [ 116 ]. 
However, they were associated with increased risk 
of pulmonary hypertension in a sample of Kyrgyz 
highlanders [ 117 ] and were not associated with pul-
monary artery pressure in a sample of Amhara 
highlanders [ 65 ]. The contrasts may illustrate 
another example of the differences in adaptive suc-
cess between lifelong high-altitude natives and 
acclimatized newcomers summarized in Table  19.2 . 
Alternatively, they could indicate that ACE I/D 
polymorphism may be closely linked to another 
locus that is the true infl uence on phenotypes. 

 In contrast to the Kyrgyz and similar to the 
acutely exposed highlanders, Andean residents 
from high and low altitude with the ACE II geno-
type had some benefi ts. They had higher oxygen 
saturations of hemoglobin at rest and during exer-
cise at 4,300 m [ 118 ]. ACE genotype accounted 
for ~4 % of the variance in oxygen saturation phe-
notype. That study quantifi ed the proportion of 
Native American Ancestry for each participant in 
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order to establish genetic homogeneity of the two 
samples and increase confi dence that the I allele 
or a linked locus accounted for the difference in 
oxygen saturation. The  ACE  locus was not identi-
fi ed by the genome-wide studies as having been 
subject to natural selection at high altitude. 

 Other candidate genes such as some involved in 
pulmonary vascular tone have been analyzed 
including endothelin-1 ( EDN1 ) and  NOS3  (also 
known as  eNOS ). Their proteins code for the vaso-
constrictor endothelin and for an enzyme catalyz-
ing the synthesis of the vasodilator nitric oxide, 
respectively. For example, two polymorphisms of 
 NOS3  were analyzed to test the hypothesis that 
alleles associated with higher rates of nitric oxide 
synthesis at low altitude would be associated with 
higher rates at high altitude and with less vasocon-
striction among high-altitude Sherpas. One poly-
morphism at the  NOS3  locus was associated with 
higher levels of nitric oxide metabolites and one 
with lower levels while neither was associated 
with blood pressure as might be expected from a 
vasodilator [ 119 ]. This may be another illustration 
that candidate gene—phenotype associations 
identifi ed in low-altitude Europeans samples may 
not be replicated in high-altitude, non-European 
samples. The  NOS2  locus rather than the  NOS3  
locus was identifi ed as a possible candidate for 
selection in the Andean population [ 92 ]. 

 However, factors in addition to—or perhaps 
instead of—population differences can contribute 
to the outcome of genome-wide or candidate- gene 
analyses. One is the selection of appropriate con-
trols that are likely to provide the clearest evidence 
of what happened. For example, the Yi population 
is more closely related to the Tibetans than the 
HapMap Han sample and may be a better low-alti-
tude comparison sample [ 95 ]. Some studies address 
that issue with multiple control populations. 

 Another crucial factor infl uencing the detec-
tion of population differences is statistical power. 
Power to detect differences is lower with small 
sample sizes or small effects or when doing mul-
tiple statistical tests. The latter is particularly rel-
evant for genomic strategies testing hundreds of 
thousands of hypotheses, one for each SNP, for 
example. The Bonferroni adjustment is a widely 
used method of multiple-testing correction that 

can illustrate this point. If a signifi cance threshold 
of 0.05 is adopted and 20 separate tests of signifi -
cance are performed, then the Bonferroni adjust-
ment calls for dividing 0.05 by 20 for a p-value of 
0.0025 as the appropriate signifi cance threshold. 
If one million SNPS were tested for association 
with a single phenotype, then the 0.05 would be 
divided by 1,000,000 for a p-value of 0.000000005 
as the appropriate signifi cance threshold [ 120 ]. 
Going forward, it is very important to collect 
adequately sized samples. 

 Mitochondrial genotypes have been consid-
ered as well although with inconsistent results. 
One study concluded there was little evidence that 
mitochondrial mutations might contribute to suc-
cessful adaptation among Tibetans, while another 
hypothesized a contribution by one haplotype 
over-represented among Tibetans as compared 
with Han Chinese could contribute [ 121 ,  122 ]. 
Neither reported phenotypes. A study of Andean 
women giving birth at >3,800 m collected infor-
mation on mitochondrial DNA haplotypes and 
reproductive histories. Sixty-fi ve percent of the 
sample had mt haplotype B (42–80 % of Andean 
highland populations have this haplotype [ 123 ]) 
and the rest had other New World haplotypes. 
Compared to the reproductive histories of women 
with mt haplotype B, the women with non-B hap-
lotypes had more than three times the risk of los-
ing offspring between conception and 1 month 
post-partum, partly due to ten times higher risk of 
neonatal mortality [ 124 ]. This could refl ect very 
strong selection among Andean women.    

    Potential Confounding Factors 

 The classic and genomic strategies using pheno-
types rely on accurate refl ection of the response to 
hypoxia. Many studies carefully defi ned and con-
trolled for a number of other infl uences such as 
smoking or health status, yet still there was uncer-
tainty about the potential role of unknown con-
founding factors. Ironically some of the most 
relevant discoveries for discovering natural selec-
tion at high altitude may have come from recent 
gains in knowledge about potential confounding 
factors that infl uence expression of oxygen 
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homeostasis-associated loci or high-altitude 
phenotypes. These could foil attempts to associate 
genotypes with phenotypes or even efforts to dis-
tinguish differences between high and low alti-
tude. For example, a long-standing puzzle was the 
wide range of variation in mean hemoglobin con-
centration of samples of Andean highlanders. 
Samples from mining communities in the Central 
Peruvian Highlands were long known to have very 
high hemoglobin concentrations. High cobalt lev-
els were detected in the ground water in one min-
ing community. Cobalt stabilizes HIF1A; that 
could in turn induce transcription of target genes 
including  EPO , perhaps partly explaining the very 
high mean values of some samples. Men with high 
cobalt levels in that community had higher EPO 
levels and higher hemoglobin concentration [ 52 ]. 

 While cobalt can stabilize, iron is required to 
degrade HIF1A. Thus iron depletion or supple-
mentation can exacerbate or dampen high- 
altitude pulmonary hypertension [ 54 ] although it 
is not known whether naturally occurring varia-
tion in iron levels infl uences variation in pulmo-
nary blood pressure in natural populations. 

 Intergenerational infl uences on newborn phe-
notypes and perinatal origins of adult high- 
altitude phenotypes may further complicate 
efforts to link heritable variation to phenotype 
variation and survival to test the natural selection 
hypothesis. The relationship of birth weight to 
infant survival is appreciated as an example of 
balancing selection because newborns of very 
high or low birth weight have higher mortality 
[ 125 ]. Maternal effects on birth weight were 
demonstrated in a study of women of European 
ancestry delivering babies at 3,100 m in Colorado. 
Women born and raised at that altitude tended to 
give birth to infants of lower weight than migrant 
women [ 126 ], a suggestive sign of intergenera-
tional epigenetic effects. Paternal effects on birth 
weight were demonstrated in a study of babies 
born to Andean, European or mixed parents that 
found that having an Andean father raised the 
birth weight slightly but signifi cantly. The authors 
suggested that genomic imprinting—
“modifi cation of gene expression through the 
addition of molecules … to specifi c genes affect-
ing intrauterine growth, based upon parental ori-
gin” ([ 127 ] p. 596) may be the mechanism. 

 Furthermore, perinatal events may infl uence 
adult phenotype. Retrospective data on a sample of 
young men with excessive erythrocytosis at 
3,700 m in Bolivia indicated that they had had par-
ticularly low birth weights and all but one had 
experienced perinatal hypoxia [ 128 ]. Andean high-
landers whose mothers had had pre- eclampsia had 
higher pulmonary artery pressures as teenagers 
than those who mothers had had normal pregnan-
cies [ 50 ]. Similarly, Europeans who experienced 
hypoxia during the fi rst week of life at low altitude 
had a larger pulmonary vascular response to acute 
high-altitude hypoxia as adults [ 129 ]. Unusual 
hypoxia perinatally may be over- represented 
among high-altitude residents with relatively 
unsuccessful adaptations. Thus, other environmen-
tal factors and individual life-history events may 
contribute to phenotype variance and confound the 
search for natural selection at high altitude.  

    Summary 

 In summary, indigenous high-altitude popula-
tions comprise an informative case study of evo-
lution because they seem likely to have 
experienced natural selection favoring adapta-
tions to the unavoidable, severe stress of hypo-
baric hypoxia. Beginning in the 1960s, scientists 
used classic strategies to detect natural selection 
in such populations [ 20 ]. A large body of evi-
dence of distinctive phenotypes at high altitude, 
along with altitude gradients, cross-population 
and cross-species comparisons suggested the 
action of natural selection. 

 Recently, purely genomic strategies have been 
developed along with others that integrate genomic 
with phenotypic information. Recently fi ndings 
from such studies confi rmed that natural selection 
has occurred, thus supporting and expanding the 
large body of earlier evidence. So far, the genomic 
evidence is strong for one trait in one population—
hemoglobin concentration among Tibetans. It is 
more indirect for Andean and East African popula-
tions and to a large extent rests on the failure to 
replicate the Tibetan fi ndings. Detecting positive 
information on the genetic and phenotypic bases 
for the long-term success of these two populations 
is an important goal. 
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 Future work integrating genomic and classical 
strategies will expand the phenotype–genome 
associations with the aim of building thoroughly 
integrated cases of natural selection linking phe-
notypic variation to heritable variation to survival 
at high altitude. That work will help explain the 
extent to which Andean, Tibetan, and East 
African differences in phenotypes as due to lon-
ger Tibetan residence [ 6 ], to chance difference in 
the natural experiments of colonization [ 130 ] or 
other reason to be discovered. 

 The key remaining gap in understanding the 
process of natural selection at high altitude is 
associating phenotypic with genomic variation 
and then determining that the “variation be it ever 
so slight, would also have a better chance….of 
survival” ([ 1 ] p. 49). 

 In summary,  Natural selection is not easy to 
detect  ([ 20 ] p. 97), however progress is under 
way.      

    Appendix: Global Population 
Estimates 

 The global population estimates were obtained 
by Ann Holstein, Manager of GIS Systems and 
Numeric Data Services at the Kelvin Smith 
Library, Case Western Reserve University using 
ESRI’s ArcGIS Desktop 9.3 Geographic 
Information System (GIS) software. The follow-
ing data sets were merged.
    1.    Global Digital Elevation Model (GTOPO30), 

developed by USGS EROS Data Center in 
1996, represents gridded 30 arc seconds (+- 
1 km) elevation for the world (available at 
  http://www1.gsi.go.jp/geowww/globalmap- 
gsi/gtopo30/gtopo30.html    ).   

   2.    Gridded population of the world, version 3 
(GPWV3) centroids, were acquired from 
SEDAC—Socioeconomic Data and 
Applications Center (available at   http://sedac.
ciesin.columbia.edu/    ). Each centroid includes 
a population value attribute for P05A, the 
UN-adjusted population estimates for 2005.     
 The spatial analysis methods were as follows. 

Contour lines were derived from the Global 

Digital Elevation Model at 500 m intervals. Line 
data were converted to polygons (areas), where 
the area located between two contour lines was 
defi ned and calculated by the software. Population 
centroids spatially located within polygons iden-
tifi ed as over 2,500 m elevation were retained. 
The sum of the P05A fi eld of centroids for each 
country having populations living above 2,500 m 
was calculated. These population values are 
listed in the table below.

 Global population at Elevations above 2,500 m 
 2005 Population 
Estimate 

 AFRICA   12,849,539  
 Congo  740,595 
 Ethiopia  10,874,518 
 Kenya  616,229 
 Lesotho  123,225 
 Rwanda  182,515 
 Tanzania  268,912 
 Uganda  43,545 

 ASIA   31,869,915  
 Afghanistan  3,234,170 
 Bhutan  609,298 
 China  16,018,246 
 India  7,428,994 
 Kyrgyz Republic  608,636 
 Mongolia  96,718 
 Myanmar  4,436 
 Nepal  1,397,479 
 Pakistan  1,408,409 
 Russia  21,761 
 Tajikistan  872,514 
 Uzbekistan  169,254 

 NORTH AMERICA   9,516,326  
 Greenland  537 
 Guatemala  1,098,961 
 Mexico  8,028,898 
 United States  387,930 

 SOUTH AMERICA   29,143,068  
 Argentina  417,503 
 Bolivia  5,071,377 
 Chile  289,843 
 Colombia  10,426,067 
 Ecuador  4,120,668 
 Peru  8,456,051 
 Venezuela  361,559 

  TOTAL    83,378,848  
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 Introduction

The goal of this chapter is (1) to summarise 
recent developments in our understanding of the 
cause, prevention and treatment of acute moun-
tain sickness (AMS) and high altitude cerebral 
oedema (HACE) and (2) to discuss the patho-

physiologic concepts that have evolved from this 
gain in knowledge. The chapter is based on 681 
papers published between January 2000 and 
December 2011 that are found in Medline under 
the keywords “AMS” or “HACE”. 90 % of these 
publications are written in English. Due to lim-
ited space we focused on original research papers 
that in our opinion have added significantly to the 
existing body of knowledge.

 Clinical Aspects of Acute Mountain 
Sickness

 Diagnosis of AMS

Comparison between studies is difficult because 
of the different definitions. Many authors use the 
definition suggested by a consensus group [1] of 
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a Lake Louise (LL) score >2 with headache plus 
one additional symptom. This means that mild 
headache plus either mild dizziness or slight 
reduction of appetite or mild disturbance of sleep 
is considered AMS after a recent gain in altitude. 
At higher altitudes such symptoms occur almost 
universally and individuals with such symptoms 
do not usually consider themselves sick. The 
AMS-C score, which is also frequently used, has 
a cut-off score that is supposed to identify with 
reasonable sensitivity and specificity individuals 
who consider themselves sick. A direct compari-
son between these two scoring systems at 4,559 m 
indicates that an LL score >4 (independent of 
whether headache is present or not) [2] approxi-
mates to an AMS-C cut-off score ≥0.70 [3, 4]. 
Investigators that intend to unravel the patho-
physiology of AMS are interested in comparing 
an abnormal vs. a normal response to hypoxia. 
Some investigators have therefore chosen to use 
more rigorous criteria such as the combination of 
an AMS-C score ≥0.70 and an LL score >4 [5]. 
These cut-off levels have been shown to identify 
individuals that consider themselves sick. Other 
investigators eliminate confounding effects of 
mild symptoms with questionable relevance by 
comparing groups with the highest vs. the lower 
scores [6, 7].

There are two further limitations of the Lake 
Louise score: (1) The inclusion of sleep quality 
precludes comparison of exposures of short dura-
tion, i.e. of 8 h during day time, with those that 
last over night and include sleeping in hypoxia. 
(2) The severity of symptoms has only 4 levels. It 
may be difficult to decide between no and mild 
headache. Since the LL score is often familiar to 
lay people, many study subjects may be aware 
that the answer to the question about headache 
results in their being classified as being sick or 
not sick. The assessment of AMS by the Lake 
Louise score may therefore be vulnerable to bias. 
Some investigators have suggested to use visual 
analogue scales for assessment of headache [8, 9]. 
The advantage of the AMS-C in these regards is 
obvious as it does not include sleep quality and  
as the subjects choosing between 6 levels of 11 
symptoms will not be aware of the outcome 
regarding classification.

Exercise may be an additional confounder. 
Symptoms of AMS are non- specific and some can 
also be induced by exercise. Thus studies that 
measure AMS scores within a short time after the 
end of an ascent may assess a mixture of symp-
toms due to exhaustion and AMS.

In summary all these considerations regarding 
the definition of AMS point to the need to re- 
evaluate the diagnostic criteria for clinically rele-
vant AMS. It may not be possible to use universal 
definitions since what is normal at 5,000 m may 
be abnormal at 3,000 m. A major problem is due 
to the fact that an abnormal response needs to be 
defined in a specific setting of altitude, ascent rate 
and degree of acclimatisation since these are the 
major independent predictors of AMS [10]. 
Considering all these limitations, differences in 
definitions of AMS limit comparison between 
studies and may explain controversial findings.

 Determinants of Incidence

The threshold altitude for symptoms attributable 
to hypobaric hypoxia in resting individuals was 
shown to be between 7,000 and 8,000 ft [11]. 
Several studies add further evidence that history 
of AMS, level of residency or recent preceding 
altitude exposure and rate of ascent are the most 
important independent predictors of AMS for 
any given altitude (Fig. 20.1) [10, 12, 13]. 
Prolonging the ascent by a few days reduced 
severity and prevalence of AMS considerably 
when climbing to an altitude of 6,285 m in 12 vs. 
16 days [14]. Gender, BMI and age were not 
associated with AMS in mountaineering popula-
tions [10, 12, 13] while severe obesity (average 
BMI of 35) is a risk factor for AMS as shown in 
a hypobaric chamber study [15]. Awareness and 
knowledge about AMS reduces the prevalence 
[16, 17], which is most likely due to the intake of 
drugs for prevention or slow ascent [16]. A small 
study suggests that individuals with systemic 
hypertension may be more prone to AMS [18].

Exercise was shown to exacerbate AMS at 
simulated altitude [19], but this finding has been 
challenged recently [20]. Aerobic capacity 
reduces AMS only in groups with identical ascent 
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rates [14] or when ascent and descent occur in 1 
or 2 days and increased aerobic capacity allows 
shorter exposure to high altitude [12, 13]. The for-
mer finding is compatible with the notion that a 
higher relative exercise intensity augments AMS.

Epidemiologic data based on mountaineers at 
extreme altitude (<5,500 m), such as Mt. 
Damavand (5,671 m) [13], Kilimanjaro (5,895 m) 
[21, 22] and Aconcagua (6,962 m) [23], has been 
added. The average overall ascent rate above 
2,000 m on these mountains was 611 m/day over 
8 days on Aconcagua, 780–980 m/day over 4 or 5 
days on Kilimanjaro and 1,200–1,600 m/day in 2 
or 3 days on Mt. Damavand. The comparison 
between studies regarding incidence of AMS is 
difficult since different definitions of AMS were 
used. Average values on these mountains range 
from 60 to 75 %.

Two studies indicate that the prevalence of 
AMS in children is similar to those obtained in 
accompanying adults, for preverbal children in 
whom AMS was assessed with a special children’s 
Lake Louise score [24] at 3,109 m [25], and in pre-
pubertal children at 3,450 m [26]. Furthermore, 
prevalence of AMS in adolescents at the same alti-
tude was comparable with historic adult controls 

[26, 27]. These data indicate that up to an altitude 
of 3,500 m the prevalence of AMS is similar 
between children of all ages and adults. One group 
in South America reports an incidence of 90–100 % 
in children at 3,500 and 4,400 m in the Andes [28, 
29]. Most likely differences in assessment, alti-
tude, study setting and possibly cultural back-
ground account for these discrepancies.

 Clinical Signs

Two studies have shown that mild subclinical 
ataxia that can only be demonstrated by pos-
turography is present at altitudes of 4,300–
4,559 m in all examined subjects independent of 
the presence or absence of AMS [30, 31]. 
Furthermore, it does not improve following 
10 min of breathing oxygen [30]. In order to 
detect minor abnormalities in ataxia by clinical 
examination, a sharpened Romberg test has been 
evaluated [32] and also showed a lack of correla-
tion with symptoms of AMS. In summary, it 
appears that clinically detectable ataxia is not 
present in AMS and is, as discussed below, an 
early sign of HACE [33].
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Fig. 20.1 Prevalence of AMS at an altitude of 4,559 m in 
relation to speed of ascent, pre-acclimatisation and sus-
ceptibility to AMS in 827 mountaineers. Slow ascent was 
defined as taking more than 3 days for the ascent above 
2,000 m, and pre-acclimatisation was defined as having 

spent more than 4 days above 3,000 m within the last  
2 months. Mountaineers who reported to suffer never or 
rarely from headache, and who had a low score on 
 additional symptoms with exposures above 3,000 m were 
considered not to suffer from AMS (data from [10])
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 Additional Findings

 Lung Function and Gas Exchange
A previous review concluded that lower SaO2 or 
PaO2, widened AaDO2, decreased forced vital 
capacity (FVC) and lower diffusion capacity in 
AMS all point to impairment of gas exchange, 
possibly due to mild interstitial pulmonary 
oedema [34]. Several studies have since re- 
investigated this issue by assessing regulation of 
ventilation, lung function, closing volume (CV) 
and thoracic impedance tomography.

Hypoxic ventilatory response (HVR) and the 
hypercapneic ventilatory response (HCVR) at 
low altitude and ventilation (PACO2) at high alti-
tude are not significantly different between small 
groups of mountaineers with and without AMS 
[35]. In larger groups poikilocapneic HVR at rest 
and during exercise are significantly lower in 
mountaineers who develop severe high altitude 
disease, with a big overlap between groups. A 
low HVR during exercise is, however, a minor, 
but significant, risk factor in a multivariate model 
of prediction [36]. The more severe hypoxaemia 
during sleep at 4,559 m cannot be attributed to 
hypoventilation [37]. Nevertheless, the increase 
of HVR at high altitude is delayed in AMS [35]. 
This and equal ventilation and PACO2 between 
subjects with and without AMS despite signifi-
cantly lower PaO2 in AMS subjects suggest that a 
lower ventilation may be a contributor to more 
severe hypoxaemia in AMS [35].

A study with 261 subjects showed no change 
in FVC at 4,559 m [38], while smaller studies 
reporting a reduction in FVC at comparable alti-
tudes were accompanied by a reduction of FEV1 
or a peak flow [39] that was lower than predicted 
from the decreased gas density [40]. Thus, a 
reduced effort due to fatigue or illness may also 
contribute to the decrease in FVC in these studies 
[41]. In accordance with this hypothesis, reduced 
respiratory muscle strength was found after 12 h 
of exposure to hypobaric hypoxia (4,270 m) [42] 
and at altitudes of 3,600–4,559 m [43].

Closing volume (CV), an indicator of small 
airway closure, was increased in 77 % of 261 
mountaineers and significantly more frequent in 
the 41 subjects with rales or radiographic evi-

dence of interstitial pulmonary oedema [38]. 
There was, however, no significant association 
with AMS in this study. In another investigation 
at the same location, the increase of CV and the 
changes of CV at high altitude were not related to 
differences in lung volume or arterial oxygen 
saturation (SPO2). If we assume that increased 
CV indicates interstitial oedema, these data sug-
gest that this is not related to AMS and not the 
only cause for lower SPO2 in AMS. Decreased 
thoracic impedance interpreted as indicating sub-
clinical pulmonary oedema was found at 3,800 m 
in the absence of AMS [44], suggesting also that 
increased pulmonary fluid accumulation, if it 
occurs at high altitude, is independent of AMS.

A most recent study using body plethysmogra-
phy at 4,559 m found no significant changes com-
pared to baseline in subjects with and without 
AMS for CV, FVC, compliance, resistance and 
diffusion capacity [45]. Furthermore, minimal 
changes of these parameters in four patients with 
beginning, alveolar HAPE on chest radiographs 
suggest that pulmonary function testing and mea-
surement of closing volume are not very sensitive 
for detecting mild interstitial pulmonary oedema.

From these investigations again we concluded 
that at present there are no reliable tools for field 
studies to prove or exclude the presence of mild pul-
monary oedema at high altitude and to determine its 
potential role in the pathophysiology of AMS.

 Echocardiography
Exposure to hypoxia, particularly in combination 
with exercise, may be associated with oedema 
formation in various tissues because of an 
increase in hormones causing sodium and water 
retention and because of increased capillary per-
meability as discussed in a previous review [34]. 
A small, clinically non-relevant pericardial effu-
sion was detected by echocardiography in the 
majority of subjects during a stay of 7 days at 
5,200 m. The effusion was not correlated with 
symptoms of AMS and not prevented by the 
intake of several antioxidants [46]. Interestingly, 
other studies using echocardiography by differ-
ent experienced examiners at the altitude of 
4,559 m failed to report these findings during 
exposures of 3–4 days.
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 Autonomic Nervous System
As discussed in a previous review exposure to 
hypoxia is associated with increased sympathetic 
activity measured by microneurography, heart 
rate variability, plasma levels and urinary excre-
tion of catecholamines [34]. Higher norepineph-
rine and epinephrine in subjects with AMS 
suggest a higher sympathetic activity in this con-
dition without establishing cause-and-effect rela-
tionship. Activation of the sympathetic nervous 
system may contribute to AMS by increasing 
metabolism and thus oxygen demand or by 
enhancing sodium retention supporting oedema 
formation, but the sympathetic nervous system 
could also be activated by stress due to illness. 
Furthermore, auto-oxidation of epinephrine to 
adrenochrome has the potential to yield the epi-
nephrine semiquinone free radical which can fur-
ther catalyse superoxide (O2

• −) formation [47]. 
This may prove relevant since increased neuro- 
oxidative stress might be involved in the patho-
physiology of AMS (see later).

A most recent study demonstrates that a 
greater increase of arterial catecholamines in the 
first hours of exposure to hypoxia precedes symp-
toms of AMS [48]. Furthermore, AMS was asso-
ciated with a heart rate and blood pressure 
variability pattern indicating greater sympathetic 
activity compared to non-AMS controls [49] 
which in some studies showed a decrease of auto-
nomic activity in subjects without AMS particu-
larly with passive [50] or slow ascent [50–52]. 
However, this is not a universal finding [53]. 
During acute exposure in low pressure chambers 
sympathetic activity may be triggered by a vaso-
vagal reaction [52]. An acute 10-min exposure to 
normobaric hypoxia caused an increased low fre-
quency component of the systolic blood pressure 
variability suggesting increased sympathetic 
activity that was confined to AMS-susceptible 
subjects [49]. In summary, AMS-prone individu-
als may have a higher sympathetic activity in 
hypoxia than non-AMS controls, and this could 
be relevant for the pathophysiology of AMS.

 Cerebral Blood Flow
This topic is discussed in more detail in Chap. 7. 
In this paragraph we focus on the relevance of 

cerebral blood flow (CBF) for AMS. The increase 
of CBF in hypoxia was not consistently detect-
able within the first 6 h of hypoxia by transcranial 
Doppler and changes were not related to AMS [8, 
54]. Single photon emission tomography 
(SPECT), however, demonstrated a clear increase 
in CBF after 40 min at a simulated exposure to 
5,500 m without any major regional redistribu-
tion of blood [55]. Furthermore, it was shown by 
MRI using spin labelling that the increase of CBF 
is not different between grey and white matter, 
irrespective of susceptibility to AMS [56]. In 
addition, dynamic autoregulation was shown to 
be selectively impaired in subjects with AMS 
exposed to an altitude of 4,559 m [57] and during 
a comparable normobaric hypoxic exposure [8]. 
This suggests that the AMS-brain is less capable 
of buffering rapid surges in arterial pressure and 
thus potentially more vulnerable to mild over- 
perfusion and, thus by consequence, vasogenic 
oedema.

Analysis of cerebrospinal fluid (CSF) did, 
however, not provide evidence for any disrup-
tion of the blood–brain barrier (BBB) subse-
quent to an autoregulatory breakthrough in 
AMS [5]. Several studies have consistently 
failed to demonstrate any defining changes in 
the CSF [5], systemic [5, 8] and arterio-jugular 
venous concentration difference [58] of the 
astrocytic protein S100β considered a molecular 
surrogate of BBB leakage [59] in subjects when 
compared to those without AMS. Likewise, the 
CSF–blood concentration quotient of total pro-
tein and the immunoglobulins G, A and M also 
failed to distinguish AMS subjects from non-
AMS controls [5]. While these findings exclude 
“major” disruption of the BBB, further studies 
focusing on the CSF–blood quotient of small 
molecules not synthesised by the brain com-
bined with contrast- enhanced CT-MRI with 
gadolinium are warranted to determine if 
“minor” disruption of the BBB does indeed rep-
resent a significant event in AMS. It is conceiv-
able that small molecules that exhibit toxic 
neurotransmitter-like properties such as prod-
ucts of digestion or gastrointestinal bacterial 
aminoacid adducts might cause minor disrup-
tion of the BBB and cause symptoms.
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 Estimates of Intracranial Pressure
Lumbar puncture after 18 h of exposure to 12 % 
FIO2 (corresponding to a PO2 of an altitude of 
4,559 m) was normal and not different between 
subjects with and without AMS [5]. Optical disc 
swelling (ODS, papilloedema) was found in 
59 % of climbers at altitudes of 4,497–6,865 m 
[60]. Although ODS and AMS increased in par-
allel with altitude, there was no significant asso-
ciation between the two parameters, as 64 % of 
those with and 56 % of those without AMS had 
ODS. Similar findings were reported for optical 
nerve sheath diameter (ONSD) assessed by 
B-scan ultrasound during an active ascent of Mt. 
Everest [61]. The authors demonstrated an asso-
ciation between AMS and a physiologically 
insignificant increase in ONSD (+0.02 mm) at 
the intermediate altitudes of 2,000–3,700 m 
where symptoms of AMS typically present and 
at 6,400 m, ONSD increased as symptoms 
tended to resolve. This study only showed an 
association of AMS and ONSD with increasing 
altitude but not between AMS and ONSD at the 
highest altitude (6,400 m) [61]; the second study 
showed a correlation of ONSD and AMS scores 
in a large setting of 287 trekkers at 4,250 m [62]. 
These latter findings could point to an increased 
intracranial pressure (ICP) as suggested by the 
authors of these investigations. They could, 
however, merely be due to a general slightly 
increased leakiness of capillaries in hypoxia that 
also results in peripheral oedema, mild pericar-
dial effusion, possibly mild interstitial pulmo-
nary oedema and proteinuria, as discussed in 
part in a previous review [34]. The fact that sev-
eral MRI studies found no indirect evidence of 
increased ICP, as discussed below, argues against 
the interpretation of these authors, as does a 
recent study using a confocal scanning laser 
ophthalmoscope [63]. At 4,559 m optical disc 
oedema was present in 79 % of the subjects and 
not related to AMS.

Direct measurement of ICP by telemetric 
monitoring through a burr hole in the skull in 
three individuals ascending to 5,730 m showed 
normal pressure at rest and an increase to 
51 mmHg with exercise in the one subject with 

severe symptoms of AMS who had also a  
ventricular atrial shunt because of a post-trau-
matic hydrocephalus. It remained normal in one 
and rose about twofold to 36 mmHg in another 
asymptomatic subject during press-up exercise 
[64]. Because of the small number, the lack of 
an adequate control experiment in normoxia 
and the concomitant post-traumatic hydroceph-
alus, the interpretation of these data is 
difficult.

ODS and particularly increased ONSD were 
validated as an indicator of increased ICP by 
direct measurements at low altitude, particularly 
in the setting of trauma. Whether this also applies 
to altitude exposure is not known. Theoretically 
an increase in ODS or ONSD may merely reflect 
a general increase in permeability. Similar con-
siderations apply to the significance of intra- 
ocular pressure as an indicator of ICP. Most 
studies reported, however, a decrease or no 
change of intra-ocular pressure up to altitudes of 
5,200 m [65–67].

 Brain Imaging
MRI studies after exposures of 6–16 h of nor-
mobaric or hypobaric hypoxia showed a mini-
mal increase in total brain volume of 5–10 mL 
(<1 % of brain volume) [68], a small reduction 
of 1 mL of the inner cerebral spinal fluid vol-
ume [69] and an increased T2-signal intensity 
indicating that there is more water in the brain 
[68, 70]. A study performed in a hypobaric 
chamber over 32 h at 4,300 m showed a 2.8 % 
volume increase of predominantly grey matter 
[71]. While all these parameters were not sig-
nificantly different between subjects with and 
without AMS, a decrease of the apparent diffu-
sion coefficient indicating cell swelling (cyto-
toxic oedema) was significantly associated with 
AMS [68, 70]. The decrease of intracranial CSF 
volume and the increase in brain volume are 
already detectable after 40 min at simulated 
altitude (3,800 m) with a similar magnitude 
compared to measurements performed after 
6–16 h and they were also not different between 
individuals considered resistant and susceptible 
to AMS [72].
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 Identification of Susceptible 
Individuals

Previous data suggested that susceptible individ-
uals cannot be identified reliably by measuring 
HVR at low altitude [34]. Possible explanations 
were that HVR is not a major determinant of ven-
tilation at high altitude and that ventilation at 
high altitude does not account for the variability 
in AMS. In addition HVR measured at low alti-
tude does not correlate with measurements at 
high altitude, since the increase of HVR with 
acclimatisation is delayed in subjects when com-
pared to those without AMS [35]. Accordingly, 
end-tidal PCO2 did not correlate between mea-
surements obtained during acute exposure at low 
altitude with the measurements performed at 
comparable altitudes during trekking [73].

In a retrospective study that selected suscep-
tible and non-susceptible individuals from a 
cohort of 500 mountaineers, SaO2 measured after 
30 min of exposure to hypoxia or high altitude 
results in significantly lower SaO2 values in those 
with compared to those without a history of AMS 
[74]. However, because of the large overlap of 
SaO2 values between the groups this measure-
ment has no clinical relevance for prediction or 
identification of AMS. This was shown in four 
prospective studies of large groups of unselected 
mountaineers [75–78].

Other tests for identification of susceptibility 
to AMS have been suggested, such as measuring 
SaO2 during running uphill at high altitude [79], 
assessing hyperventilatory capacity [80] or respi-
ratory rate after arrival at high altitude [81]. 

Positive findings may be due to particular circum-
stances of these studies. A large overlap of indi-
vidual values between groups suggests again that 
statistical significance does not mean clinical rel-
evance for prediction of susceptibility for AMS.

It is highly unlikely that any single test would 
be able to identify susceptible individuals with 
sufficient accuracy without taking several phys-
iologic factors that are considered to be involved 
in the pathophysiology of AMS into account. 
For prediction of AMS in a specific setting, 
degree of acclimatisation, rate of ascent and 
final altitude should also be added to a multi-
variate approach.

 Clinical Aspects of High Altitude 
Cerebral Oedema

The construction of the Golmud-Lhasa railway 
that runs for almost 800 km at altitudes above 
4,000 m offered a great opportunity for gathering 
epidemiologic data on rare altitude-associated 
diseases such as HACE, since 74,735 workers 
were involved in the construction. The prevalence 
of HACE was found to be 0.26 %. The clinical 
data of 66 cases were presented recently [33]. The 
frequency of symptoms and signs of these HACE 
patients is shown in Table 20.1. Ataxia (unstable 
gait) was usually the first sign. Noteworthy was 
that headache was absent in 33 % of the cases. So 
far, there were only rare reports on HACE without 
preceding headache [82]. Twenty six patients 
developed coma on average within 18 h after the 
onset of symptoms. CT scans of 36 patients 

Table 20.1 Symptoms and signs in HACE

Symptoms and signs Number Percent Symptoms and signs Number Percent

Disturbance of consciousness 52 79 Apathy 24 36
Ataxia 48 73 Drowsiness 22 33
Headache 44 67 Abnormal reflexes 19 29
Anorexia 38 58 Psychological changes 18 27
Nausea 35 53 Vomiting 11 17
Papilloedema 24/52 46 Disorientation 8 14
Retinal haemorrhage 22/52 42 Hallucinations 2 3
Lassitude 27 41 Fingers and ankles clonus 1 2

Frequency of symptoms and signs in HACE in 66 cases of HACE that occurred during the construction of the Golmud- 
Lhasa railway according to Wu et al. [33]
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showed oedema with compression of ventricles. 
MRI of the brain was performed in four subjects 
and confirmed the previously reported finding of 
oedema predominantly in the splenium of the cor-
pus callosum [83]. Ataxia disappeared with treat-
ment in the majority of patients within 3 days, but 
in 25 % of the patients it took 4–7 days. There 
was complete recovery except for one patient 
with persistent clonic convulsions. Another 
recently reported sequelae of HACE is a globus 
pallidus lesion in two cases [84].

Cerebral symptoms, such as global amnesia 
[85, 86], delirium [87], globus pallidus lesion 
[84] and sudden onset of ataxia [88], may in rare 
cases be caused by hypoxia in the absence of 
HACE. HACE may be excluded as an underlying 
cause when such symptoms occur in well- 
acclimatised and slowly ascending subjects with-
out preceding symptoms of AMS and when they 
resolve rapidly with descent.

It is well known that microhaemorrhages can 
be found at autopsies in brains of HACE victims. 
Using MRI techniques highly sensitive to blood 
or blood remnants, haemosiderin deposits are 
detectable in the corpus callosum 2–31 months 
after recovery from HACE (Fig. 20.2) [89]. Such 
changes were not seen in subjects after severe 
AMS. These haemosiderin deposits indicate that 
microhaemorrhages occur in non-lethal HACE, 
and they may constitute a novel diagnostic MRI 
sign for HACE that can be detected many months 
to years after the event.

 Pathophysiology of AMS and HACE

While it is well-established that patients with 
HACE exhibit extracellular (vasogenic) oedema 
subsequent to disruption of the BBB [83, 89], the 
situation with AMS is more complex, due in 
large part to the difficulties associated with clini-
cal diagnosis. Traditionally, AMS has been con-
sidered a mild form of HACE and that both 
syndromes share a common pathophysiology 
linked by vasogenic oedematous brain swelling 
and intracranial hypertension at opposing ends 
of a clinical continuum [90]. However, recent 
 studies employing diffusion-weighted (DW)-MRI 
have questioned this paradigm and since provided 
insight into alternative mechanisms. The subse-

quent discussion will critically appraise each of 
the traditional and newly emerging components 
currently implicated in the pathophysiology of the 
cerebral syndromes encountered at high altitude. 
These are summarised schematically in Fig. 20.3.

Phase I: The Stimulus

Hypoxia
Although hypoxia is not the immediate cause of 
AMS since symptoms typically take 6 h to evolve, 
it is the primary stimulus since symptoms typi-
cally become worse with increasing altitude [91] 
and relieved by normalising the inspiratory PO2 
[92]. Furthermore, it has been suggested that 
AMS-susceptible subjects are systemically more 
hypoxaemic or equally, more reactive to hypox-
aemia for any given inspirate during wakefulness 
[6] and sleep [68] compared to their healthier 
counterparts. Tentative evidence suggests that a 
blunted HVR and sympathetic activation leading 
to activation of the renin–angiotensin system, 
fluid retention and subclinical interstitial pulmo-
nary oedema may prove additional risk factors 
that further compound hypoxia subsequent to 
impaired gas exchange and thus account for the 
increased sensitivity- reactivity to arterial hypox-
aemia. However, evidence of interstitial pulmo-
nary oedema in AMS is at best indirect and 
inconsistent [38, 45] while fluid retention might 
prove the consequence rather than the direct 
cause of AMS [93].

Since a previous history has been identified as 
one of the most reliable predictors of illness during 
subsequent ascent, there may be some innate pre-
disposition to AMS [10]. Subsequent investiga-
tions have focused on candidate gene 
polymorphisms in an attempt to identify potential 
genetic variants underlying susceptibility [94]. 
Recent interest has focused on the angiotensin- 
converting enzyme (ACE) gene since the insertion 
(I) allele has previously been associated with elite 
 mountaineering status [95] and successful ascent 
to 8,000 m peaks [96]. However, studies have 
failed to support any association between ACE 
genotype and susceptibility to AMS [97, 98]. In 
addition, no biologically plausible association has 
been observed between polymorphisms of the heat 
shock protein (HSP) 70 family (A1 and A2) [99].
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While the current evidence has failed to iden-
tify a genetic contribution to AMS, it is important 
to emphasise that the sample sizes of all the 
afore-mentioned studies are too small for genetic 
association studies. Furthermore, “genetophysi-
ology” is very much in its infancy with only 20 
out of ~25,000 genes in the human genome and 
only 50 out of ~ millions of polymorphisms 
 currently assessed for roles in hypoxic (mal)-
adaptation and altitude illness.

Phase II: The response

Impaired Focal Cerebral Oxygenation
While existing measurement techniques have 
failed to  identify any evidence for a “global” 
cerebral O2 deficit in the severely 
 hypoxic– hypocapneic human (SaO2 < 80 %, 
PaCO2 < 25 mmHg) [100], positron-emission 
tomography studies have revealed striking spatio-
temporal differences in the brain’s “regional” 

Fig. 20.2 T* MRI of a 65-year-old woman who had suf-
fered from severe HACE 7 weeks before at 3,580 m shows 
microhaemorrhages in the corpus callosum (arrows) 

(courtesy of Michael Knauth, Professor of Neuroradiology, 
University Hospital Göttingen)
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energy consumption which is apparent even at rest 
during normoxia [101]. Focal prefrontal cortical 
deoxygenation determined via near infra-red spec-
troscopy has also been shown to occur in humans 
exposed to hypoxia and further compounded by 
exercise [102], though like all non-invasive 
approaches, there are inherent  limitations associ-
ated with this technique [103]. Furthermore, neu-
rotransmitters, the ubiquitous regulators of 
neuronal activity, are particularly vulnerable to 
hypoxia in light of their correspondingly high 
Michaelis constant for O2 [104]. Thus, it is con-
ceivable that even mild arterial hypoxaemia could 
result in focal cerebral deoxygenation and impaired 
neuronal communication.

Molecular-Mechanical Stress
Focal impairments in cerebral oxygenation have 
the potential to  promote capillary leakage (molec-

ular stress) and hyper-perfusion (haemodynamic 
stress), established risk factors that collectively 
conspire to  disrupt the BBB. Much interest has 
focused on the haemodynamic pathway since 
increased CBF occurs in response to hypoxia 
[105–107] and impaired autoregulation has 
recently been documented in AMS [8, 57]. These 
findings suggest that the AMS-brain is less capa-
ble of “buffering” rapid surges in arterial pressure 
and thus potentially more vulnerable to hyper-
perfusion. A pressure-passive rise in regional 
CBF could translate into increased capillary 
hydrostatic pressure [108] though this is yet to be 
confirmed in humans. Elevated intravascular 
pressure could cause vasogenic oedema subse-
quent to hydrostatic disruption of the BBB.

Oxidative-nitrosative-inflammatory stress con-
stitutes an alternative, albeit complementary, 
 pathway with equal potential to further compound 

↓ Cerebral
Oxygenation

↑Sensitivity-Reactivity
to Hypoxaemia

INSPIRATORY HYPOXIA

I

MOLECULAR STRESS
Oxidative-Nitrosative-
Inflammatory stress

↑

Blood-Brain Barrier
Disruption

↑Trigeminal Activity
↑Pain Perception

AMS
(no additional vasogenic, mild cytotoxic oedema)

Cytotoxic Oedema
(Intracellular)

↑ Sympathetic
Activation

↓ Pulmonary
Gas Exchange

Genetic
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Vasogenic Oedema
(Extracellular)

II

III
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↑Permeability ↑Pressure
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↓Ion Pump
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Fig. 20.3 Pathophysiology of acute mountain sickness 
(AMS) and high altitude cerebral oedema (HACE). Phase I 
and II describe the sequence of events common to both syn-
dromes leading to varying degrees of blood–brain barrier 

disruption and vasogenic oedema (mild to severe). Unlike 
HACE, this is considered an incidental finding in AMS, with 
molecular activation of the trigeminovascular system (Phase 
III) the emerging mechanism of potential significance
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barrier disruption through its (molecular) impact 
on capillary permeability. A recent study provided 
direct electron paramagnetic resonance (EPR) 
spectroscopic evidence for an increased release of 
lipid-derived alkoxyl-alkyl (LO•-LC•) radicals 
(oxidative stress) and corresponding reduction in 
the vascular bioavailability of nitric oxide (nitrosa-
tive stress) across the hypoxic human brain in 
direct proportion to AMS symptom scores [58]. 
Furthermore, dietary antioxidant vitamin supple-
mentation provided some, albeit mild, prophylac-
tic benefit [109] though further research employing 
larger sample sizes with improved methods of 
delivering novel antioxidant vehicles across the 
BBB to the brain parenchyma is warranted.

Ascent to high altitude has consistently been 
associated with a mild, non-specific inflammatory 
response though its relationship to AMS remains 
equivocal. To date, only one study has identified a 
linear correlation between an increase in the sys-
temic concentration of vasoactive eicosanoids and 
AMS symptom scores following ascent to the 
Vallot Observatory on Mt. Blanc (4,350 m) [110]. 
However, follow-up studies employing similar 
[111] and indeed alternative, complementary 
blood-borne biomarkers of inflammation [5, 112–
115] have failed to confirm any such relationship. 
These findings do not exclude a pathogenic role for 
inflammation but merely highlight detection sensi-
tivity issues associated with mostly cytokine detec-
tion using enzyme-linked immunosorbent assays 
(ELISA) and unavoidable limitations when 
attempting to correlate blood-borne biomarkers 
with different, often delayed, half-lives against sub-
jective symptoms whose onset is more acute [8]. 
Furthermore, it is conceivable that the inflamma-
tory response incurred during passive exposure to 
hypoxia is so mild that it is below the (as of yet 
undefined) physiological threshold required to trig-
ger symptoms. Indeed, a recent study “primed” 
volunteers by infusing endotoxin intravenously 
during passive exposure to hypoxia in an attempt to 
further amplify the systemic inflammatory response 
and identified that 85 % of  volunteers subsequently 
developed moderate-to-severe AMS compared to 
9 % of the controls (saline infusion) [116]. Though 
this (pharmacological) approach is clearly supra-
physiological, ascent to high altitude is none-the-
less associated with strenuous physical exercise 

accompanied by damaging eccentric muscle con-
tractions, established stimuli known to compound 
the inflammatory response to hypoxia [114, 117, 
118]. It would be interesting to follow these studies 
up with separate infusions of recombinant TNF-α 
and IL-6 to determine the potential impact of indi-
vidual cytokines on AMS susceptibility.

However, it is important to emphasise that these 
and related studies have consistently failed to pro-
vide molecular evidence for major BBB disruption 
in the form of an increase in the astrocytic protein 
S100β [8, 58] or CSF–blood protein concentration 
quotient [5]. However, in light of current structural 
DW-MRI evidence [5, 68], these findings do not 
discount the possibility of barrier disruption; they 
simply suggest that the breach is so subtle that it is 
likely beyond standard bio-molecular detection 
limits [119]. Follow-up studies employing trans-
cerebral sampling techniques preceded by 
gadolinium- enhanced DW-MRI will allow this 
hypothesis to be tested more directly.

Animal models have demonstrated that 
hypoxia stimulates vascular endothelial growth 
factor (VEGF) resulting in vascular leakage and 
cerebral oedema tempting speculation that its 
expression may predispose to high altitude  illness 
[120, 121]. Human studies have since failed to 
demonstrate any relationship between blood and/
or CSF concentrations of “total” VEGF and AMS 
[5, 122]. This may be due to the fact that differ-
ences in the “free” concentration of VEGF medi-
ated largely by its soluble receptor (sFlt-1) which 
serves to bind VEGF thus reducing vascular leak 
and angiogenesis [123] were not evaluated. This 
hypothesis remains equivocal, however, since 
studies measuring free VEGF and sFlt-1 have 
yielded conflicting results [124, 125].

BBB Integrity and Vasogenic Oedema 
Figure 20.3 describes how this combination of 
molecular-mechanical stress “arrives” at the 
brain, ultimately compromising barrier integrity 
and encouraging the formation of extracellular 
(vasogenic) oedema. This was recently confirmed 
by diffusion-weighted MRI which established the 
“signature” rise in brain volume, T2-relaxation 
time and apparent diffusion coefficient during 
hypoxia characteristic of mild vasogenic oedema-
tous brain swelling [68, 70]. These changes were 
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particularly pronounced in the splenium and genu 
of the corpus callosum, the same predilection site 
to that observed in HACE [83], likely the result of 
its unique vascular anatomy; densely packed hor-
izontal fibres characterised by short arterioles that 
lack adrenergic tone may render it more suscep-
tible to hyper-perfusion oedema in the setting of 
hypoxic cerebral vasodilatation [83].

It was originally suggested that AMS may be 
the direct consequence of elevated ICP caused by 
more pronounced vasogenic oedematous brain 
swelling [126]. This could prove one of the trig-
gers underlying cephalalgia through stimulation 
of pain-sensitive fibres in the meninges/pial ves-
sels and activation of the trigeminovascular sys-
tem (TVS) [127]. This was an attractive 
hypothesis in light of an early study [128] that 
identified an increased T2 signal in the white mat-
ter of subjects with moderate-to-severe AMS in 
whom clinical HACE had not yet developed (no 
ataxia or altered consciousness).

However, more recent DW-MRI studies have 
consistently failed to support this concept with no 
relationships observed between the hypoxia- 
induced increases in brain volume or T2rt and 
cerebral AMS scores [68, 70]. Furthermore, the 
observation that intracranial volume (ICV) is not 
increased to any greater extent in the AMS-brain 
argues against intracranial hypertension as a sig-
nificant event. As discussed earlier under 
“Estimates of Intracranial Pressure”, increases in 
ODS and ONSD measured by ultrasound were 
often minor and not consistently related to AMS 
scores. Thus, there is no convincing human evi-
dence to date to confirm that ICP is indeed raised 
in AMS [91]. Mild vasogenic oedematous brain 
swelling therefore appears to be an incidental 
finding that occurs in all brains exposed to the 
hypoxia of high altitude independent of AMS.

Intracranial–Intraspinal Buffering 
Capacity 
Borne out of an original hypothesis developed 
over 20 years ago [129], the lack of correlation 
between brain swelling and AMS symptoms has 
since been ascribed to anatomical differences that 
determine how effectively the human skull can 
accommodate swelling through displacement of 

cranial CSF to extra-cranial compartments [90]. 
Thus, individuals characterised by a smaller ratio 
of cranial CSF to brain volume (popularised as 
the “tight-fit” brain) would be expected to be 
more prone to intracranial hypertension and thus 
by consequence AMS, since they are less capable 
of buffering the volume increase through changes 
in CSF dynamics due to an inadequate cranio- 
spinal axis CSF reserve.

To date, only one human study has provided 
indirect evidence to support the tight-fit hypoth-
esis with AMS-susceptible subjects identified as 
having comparatively larger brain to ICV ratios 
that was apparent even at sea-level [68]. However, 
it would seem highly unlikely that the minor vol-
umetric changes of 0.6–0.8 % of total brain vol-
ume would translate into any physiologically 
meaningful changes in the mechanical displace-
ment of pain-sensitive structures capable of acti-
vating the TVS [91]. Indeed, it has been suggested 
that the longitudinal stretch of arteries or menin-
ges is likely to be less than the elongations that 
would normally occur during pulsatile blood 
flow. The small increases in ICV documented in 
the literature likely occupy the flat-part of the 
ICP-volume curve and eminently well-buffered 
by semi-elastic membranes and changes in CSF 
dynamics [104]. Clearly, this remains a topic of 
ongoing debate and further  studies are warranted 
to test this hypothesis.

Cerebral Venous Outflow Limitation
Attempts to explain the pathophysiology of AMS 
by haemodynamic mechanisms have tradition-
ally focused on the consequences of increased 
“arterial inflow” to the brain. Many studies have 
demonstrated that CBF is increased with expo-
sure to acute hypoxia due to the predominance of 
hypoxic vasodilatation over hypocapnic vasocon-
striction (see chapter 7). Authors have consis-
tently failed to demonstrate a relationship 
between increased blood flow in the internal 
carotid artery [130], middle cerebral artery [131] 
or brain tissue [131] and symptom severity. 
Recently, Wilson et al [132] hypothesised that a 
functional impairment in “venous outflow” at the 
level of the transverse venous sinus may prove a 
potential risk factor.
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In support, these authors identified that at low 
altitude, one or both transverse sinuses were nar-
rower in subjects who subsequently developed 
AMS trekking to 5300 m. The functional signifi-
cance of this venous anomaly was supported by 
significant correlations between retinal venous 
distension and headache during trekking as well 
as between retinal venous distension and cerebral 
venous engorgement during exposure to acute 
normobaric hypoxia [133]. Though an interesting 
finding, the underlying mechanisms that link 
venous distension to headache remain unclear. It 
is possible that distension of dural venous sinuses 
with dense trigeminal innervation [134] leads to 
headache in the absence of increased ICP since 
significant brain swelling [68–70] and elevated 
ICP [5] were not found in AMS. The latter find-
ings are discussed in more detail in the sections 
on “Estimates of intracranial pressure” and 
“Brain imaging” in this chapter. 

As discussed previously, the concept of the 
tight-fit hypothesis within the intracranial com-
partment as a whole is physiologically unlikely 
given the minor increase in brain volume (~7 mL 

in AMS) in the setting of an intracranial volume 
in excess of ~1300 mL [5]. The paper of Wilson et 
al [133], however, points to the possibility of more 
localized tight-fit constrained to the infratentorial 
space, since lower infratentorial CSF volumes 
were shown to correlate against headache scores.

Cytotoxic Oedema
The only defining morphological feature that dis-
tinguishes the AMS-prone from the healthy brain 
as revealed by more recent DW-MRI studies is a 
selective decrease in ADC scores [68, 70] taken 
to reflect intracellular (cytotoxic) oedema that 
likely coexists with extracellular vasogenic 
oedema. Since both studies failed to provide any 
evidence for additional oedema or swelling, the 
attenuation of the ADC likely reflects fluid redis-
tribution from within the extracellular space 
(ECS) as intracellular (astrocytic) swelling pro-
ceeds without any additional increment in brain 
volume, oedema or ICP [135]. The temporal 
sequence and cause of this is unknown but may 
reflect ion pump suppression subsequent to 
down-regulation of Na+/K+-ATPase activity.

Fig. 20.4 Trigeminovascular system (TVS), trigeminal 
nerve fibres and ganglions surround meningeal vessels 
and those of other large vessels on the surface of the brain. 
When activated, they can lead to headache, nausea, eme-

sis and autonomic activation. Activation of the TVS may 
occur through neurogenic inflammation triggered by 
afferent fibres from the brain stem or by free radicals and 
associated reactive oxygen-nitrogen species
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However, the critical question is whether the 
symptoms of AMS are caused by such a minor 
translocation of water from the ECS into the cells 
of the corpus callosum that entered as a result of 
mild vasogenic oedema in hypoxia. This is highly 
unlikely since oedema of the corpus callosum 
would typically give rise to a disconnection syn-
drome (e.g. associative agnosia) [136]. Thus, the 
mechanisms underlying headache, its leading 
symptom, remain to be established highlighting 
the need to explore alternative pathways.

Phase III: The Phenotype

Thus, the current findings suggest that AMS and 
HACE share similar features in that there is an 
underlying vasogenic component ranging from 
mild to severe. However, Phase III of the schema 
represents the point of “departure” from traditional 
theory [90] since the oedema cannot be held respon-
sible for the symptoms of AMS. Furthermore, the 
clinical observation that HACE can develop rapidly 
in the absence of preceding AMS [137] and that in 
a large cohort of 66 cases with HACE 33 % had no 
headache (Table 20.1) [33] further questions the 
concept that the AMS-to- HACE symptom complex 
can be explained by this continuum of mild to 
severe cerebral oedema. Thus, there is a clear need 
to explore alternative pathways.

Pain and the Trigeminovascular  
System (TVS)
Though at present only a hypothesis, AMS may 
be the result of altered pain perception and tri-
geminovascular nociceptive input from the men-
ingeal/pial vessels during hypoxia (Fig. 20.4). 
Direct inhibition of TVS activity with sumatrip-
tan, a selective 5-hydroxytryptamine (HT)1 
receptor subtype agonist, points towards some, 
albeit preliminary neuroprotective potential. In 
the largest randomised trial to date, oral prophy-
laxis was shown to reduce the relative risk of 
AMS by 50 % [138] though design limitations 
including a general failure to control for head-
ache history needs to be taken into account.

However, the recent observation that AMS did 
not influence the (steady-state) cerebral metabo-

lism of the “migraine-molecule”, calcitonin 
gene-related peptide (CGRP) [139], argues 
against sustained activation of the TVS as an 
important event. However, this finding does not 
exclude acute release from trigeminal perivascu-
lar nerve fibres, the site of nociception during the 
early phase of hypoxia and the lack of major 
breach in the BBB may have also prevented 
intrathecally formed CGRP from entering the 
extra- cranial circulation in sufficient amounts to 
permit molecular detection.

Interestingly, sumatriptan can also scavenge 
nitric oxide, O2

• − and hydroxyl radicals [140]. 
Equally, other drugs that also confer protection 
against AMS including the analgesics gabapentin 
[141], ibuprofen [142] and acetaminophen [143] 
and carbonic anhydrase inhibitor acetazolamide 
are equally capable of scavenging free radicals 
[144–146]. Further research is required to test 
this alternative hypothesis and determine if acti-
vation of the TVS through oxidative- nitrosative-
inflammatory stress does indeed represent the 
final common pathway given that it does not rely 
on any volumetric changes to the brain.

The Link to HACE 
While HACE has traditionally been ascribed to 
vasogenic oedema [90], it is reasonable to assume 
that a cytotoxic component may also be present 
[83, 147] since hypoxaemia is likely more severe 
compared to AMS. Therefore, cell swelling 
should be even more pronounced in HACE. 
However, ADC mapping has not been performed 
immediately following evacuation from altitude 
in patients with HACE.

A recent study combined conventional T2* 
with a novel, highly sensitive susceptibility- 
weighted MRI technique to reveal multiple 
“microbleeds” detected as haemosiderin deposits 
confined to the genu and splenium of the corpus 
callosum of patients with a history of HACE that 
had occurred up to 3 years ago [89]. Erythrocyte 
extravasation was taken to reflect cerebral capil-
lary “stress failure” subsequent to cerebral hyper- 
perfusion and severe BBB disruption. The failure 
to detect any haemosiderin deposits in subjects 
diagnosed with severe AMS reinforces the funda-
mental concept that vasogenic oedema is minor 
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in AMS and is unlikely to account for symptoms 
and points to a novel diagnostic feature that fur-
ther discriminates AMS from HACE.

 Prevention and Treatment

 Acetazolamide

A meta-analysis concluding that only 750 mg/day 
of acetazolamide is efficient for prevention of 
AMS [148] was questioned for doubtful interpre-
tation of study results such as not considering dif-
ferent ascent rates and inappropriate exclusion of 
studies [149, 150]. This controversy triggered a 
series of investigations. Whereas a considerably 
underpowered study concluded that 250 mg bd 
was superior to 125 mg bd or placebo [151], three 
studies showed that 125 mg bd is effective. This 
dose of acetazolamide was more effective than a 
placebo in a low-risk setting ascending from 4,293 
to 4,937 m in Himalayan trekkers [152], and in a 
study with a higher risk for AMS, in which sub-
jects were transported from 1,600 to 4,300 m in a 
day [153]. The latter study yielded a number 
needed to treat of 3. Furthermore, acetazolamide 
125 mg bd was equally effective as 375 mg bd dur-
ing an ascent from 3,440 to 4,920 m in Himalayan 
trekkers and SaO2 was not different between 
groups [154]. Paresthesia and disturbance of taste 
were frequent side effects while micturition (>3× 
at night) was not significantly different between 
groups. The results of these three studies also indi-
cate that a dose of <5 mg/kg bodyweight, predom-
inantly blocking the renal carbonic anhydrase 
[155], is sufficient for prevention of AMS.

In particularly susceptible individuals or when 
the risk for AMS is very high, such as in unac-
climatised mountaineers ascending Kilimanjaro 
(5,859 m) within 5 days, a dose of 250 mg cannot 
reduce AMS incidence below 55–43 % [156]. 
The question remains, however, how much AMS 
is avoidable at all under such circumstances. 
Thus, it needs to be shown that in this setting, 
750 mg/day is superior to 500 or 250 mg as 
 suggested by the authors. In summary, in most 
settings, AMS incidence can be greatly reduced 
by 125 mg bd. Some particularly susceptible 
individuals or very rapid ascents of unacclimatised 

individuals to extreme altitude may justify 
250 mg bd of acetazolamide.

 Potentially Interesting Drugs Not 
Sufficiently Tested

 Antioxidants
In a small trial in trekkers slowly ascending to 
Everest base camp (5,180 m), oral prophylaxis 
with a combination of dietary antioxidant vita-
mins (l-ascorbic acid, dl-α-tocopherol acetate 
and α-lipoic acid) for 3 weeks prior to ascent to 
high altitude and throughout the altitude sojourn 
was shown to improve systemic oxygenation and 
reduce the severity of AMS [109]. In contrast, an 
identical antioxidant cocktail failed to provide 
prophylaxis in a follow-up study [157]. However, 
the assimilation of lipid-soluble antioxidants into 
biological cell membranes was clearly subopti-
mal given the lack of a priming phase since sup-
plementation commenced upon arrival to high 
altitude. Furthermore, unlike the study by Bailey 
and Davies [109], subjects refrained from strenu-
ous physical activity which is an established pro- 
oxidant stimulus [158] known to compound the 
oxidative stress response to high altitude and 
increase corresponding susceptibility to AMS 
[159]. Clearly, further studies employing larger 
sample sizes and in settings where the risk of 
AMS is considerably higher are warranted. 
Furthermore, researchers need to consider alter-
native “ideal” antioxidants and methods of deliv-
ery across the BBB [160] in order to maximise 
their (potential) prophylactic benefits. Cellular 
hypoxia has been shown to increase the mito-
chondrial formation of ubisemiquinone and O2

• − 
radicals [161, 162] which likely give rise to the 
blood-borne formation of lipid-derived LO•-LC• 
species that have consistently been shown to be 
elevated in AMS [58]. Thus, the strategic deliv-
ery of cerebral mitochondria- specific antioxi-
dants to quench these upstream species may 
prove a more effective approach [163]. Indeed, 
the flavonoid quercetin was recently shown to 
reduce oxidative-inflammatory stress and subse-
quent (cerebral) oedema formation more effec-
tively than dexamethasone in an animal model of 
HACE [164].
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 Sufficiently Tested Drugs Not  
to Be Recommended

 Gingko Biloba
Gingko biloba extract (GBE) has received much 
attention because it is of natural herbal origin and 
its availability without prescription. GBE is com-
posed of many components with different bio-
logical actions that may be beneficial for the 
prevention of altitude illness, such as increasing 
NO bioavailability and endogenous antioxidants 
or reducing free radical production and lung leak 
in animal experiments [165]. However, a large, 
well controlled 3-arm-trial showed that GBE was 
no better than placebo for preventing AMS in a 
low-risk setting in contrast to the threefold reduc-
tion of AMS with acetazolamide 250 mg bd in 
this trial [166]. Several small trials have yielded 
controversial results [167–170]. The discrepan-
cies can in part be attributed to insufficient statis-
tical power of these small trials and variations in 
the composition of preparations [165].

 Theophylline
Several pharmacological effects of theophylline, 
a phosphodiesterase inhibitor, are of potential 
benefit for improving sleep at high altitude and 
avoiding AMS, such as increase of central respi-
ratory drive with reduction in periodic breathing, 
suppression of microvascular permeability in the 
brain and lung, a decrease of pulmonary artery 
pressure and a decrease of CBF. Theophylline 
250 mg bd at 3,454 m [171] and 300 mg/day at 
4,559 m reduces periodic breathing [172], with-
out significantly affecting oxygen saturation. 
There was a small decrease of AMS scores with-
out reduction of the overall incidence of AMS at 
4,559 m [172]. At 3,454 m, theophylline 250 mg 
bd caused only a transient minor decrease of 
AMS scores [173], and the dose had to be reduced 
in 20 % of the subjects because of side effects, 
such as tachycardia and tremor. During a 10-h 
exposure at a simulated altitude of 4,500 m, 
 theophylline (250 mg bd) was not better than  
placebo, while acetazolamide (250 mg bd) 
reduced AMS significantly [69].

Because of the minor effects on symptom 
scores of AMS, the higher probability for unpleas-
ant side effects and the lack of improvement of 
oxygen saturation during sleep, theophylline is 
clearly inferior to acetazolamide and should there-
fore not be recommended for prevention of AMS 
or treatment of periodic breathing at high altitude.

 Drugs Without Effect

 Leukotriene Modifying Drugs
Previous investigations had shown that leukotri-
ene concentrations were increased in urine and 
plasma in individuals acutely exposed to simu-
lated altitudes of 4,300 m [34]. Therefore, it was 
hypothesised that these mediators of inflamma-
tion could be involved in the pathophysiology of 
AMS. Three studies [174–175] showed no 
effects of lipoxygenase inhibitors or leukotriene 
receptor blockers. Furthermore, there was no 
difference in urinary leukotriene E4 excretion 
between treatment groups. These studies dem-
onstrate that leukotrienes do not play a causal 
role in the pathophysiology of AMS, and that 
leukotrienes are therefore not a target for pre-
venting AMS.

 Magnesium
Because of its neuroprotective effect oral magne-
sium was unsuccessfully tested for prevention of 
AMS after rapid ascent to 4,559 m. In subjects 
with AMS intravenous application of magnesium 
reduced symptoms somewhat but not to a clini-
cally relevant extent [177].

 Suggestions for Future Research

 Clinical Practice

Prediction of susceptibility to AMS is difficult 
and almost impossible in those who have never 
been to high altitude before. Models for  prediction 
of susceptibility to AMS need to be evaluated in 
prospective studies.
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 Pathophysiology

Unlike HACE, the definitive mechanisms under-
lying AMS remain largely unresolved justifying 
the need for further research. Given the complex-
ity associated with what are mostly subjective 
sensations of pain, it is recommended that future 
studies adopt a functionally integrated transla-
tional approach with a specific focus on the three 
following areas.

Genetics
Within the migraine field, studies have identified 
“susceptibility genes” that encode for altered 
synaptic (notably glutamatergic) transmission 
and/or neuronal excitability [178, 179]. Given 
that AMS shares similar phenotypical character-
istics and is thus likely to be equally “polygenic”, 
it would be interesting to explore these and addi-
tional polymorphic oxidative-nitrosative- 
inflammatory stress pathways, to address the 
concept that AMS represents an “ionopathy” 
characterised by free radical-mediated ion chan-
nel dysfunction [119].

Brain Structure–Function
The rapidly advancing neuroimaging field is ide-
ally placed to confirm if cerebral haemodynamic 
function is indeed selectively impaired in AMS 
and more fundamentally, what structures are 
involved during transmission of the cephalic pain 
signal. Positron- emission tomography (PET) and 
functional MRI can provide unique insight into 
regional (as opposed to global) alterations in CBF 
though complementary modalities including 
magnetoencephalography, voxel-based mor-
phometry, diffusion tensor imaging, transcranial 
magnetic stimulation, proton magnetic resonance 
spectroscopy (MRS), fluorescence-mediated 
molecular tomography, multiphoton microscopy 
and nanoparticle imaging are constantly evolving 
to enable simultaneous structural–functional 
assessment [180–182]. Indeed, an earlier H2

15O- 
labelled PET study identified an exaggerated 
increase in hypothalamic blood flow during acute 
hypoxia [183] which, if confirmed in AMS, would 
provide a physiological basis for functional 
impairment. From a clinical perspective, the pro-
cessing of neuropathic pain in patients involves 

the complex interplay between functional net-
works collectively referred to as the “pain matrix” 
which includes the primary and secondary 
somatosensory cortices, anterior cingulate cortex, 
insular cortex, prefrontal cortex, thalamus, basal 
ganglia and cerebellum [184]. Furthermore, acute 
migraine attacks have been associated with acti-
vation of the locus coeruleus within the dorsolat-
eral brainstem [185, 186]. However, to what 
extent this matrix becomes activated during AMS 
remains unknown. Unfortunately, trigeminal 
fibres are not within the resolution of currently 
available imaging techniques [187] demanding 
alternative approaches to assess the pathogenic 
role of TVS activity in AMS (vide infra). Using 
1H-MRS, differences in cerebral energy metabo-
lism can be addressed via targeted detection of 
lactate [188], γ-aminobutyric acid [189], 
N-acetylaspartylglutamate [190], the redox- 
reactive metabolites glutathione [191] and ascor-
bate [192] and the neuronal–glial integrity 
biomarkers, N-acetylaspartate and myoinositol 
[193]. Follow-up studies combining transfer 
function analysis of focal dynamic CA applied to 
 discrete regions of interest (including the corpus 
callosum) with gadolinium-enhanced DW-MRI 
are required to more accurately determine to what 
extent hypoxia impairs BBB integrity and whether 
minor disruption is indeed a risk factor for AMS. 
This needs to be complemented by recent phar-
macogenomic approaches employing the targeted 
delivery of nootropic radical scavengers to the 
BBB and brain parenchyma [160] and thus facili-
tate a more comprehensive examination of the 
possible role, if indeed any, that the BBB plays in 
the aetiology of AMS. Acute exercise may pro-
vide a novel priming stimulus to optimise antioxi-
dant delivery and uptake to the AMS-prone brain 
since it has recently been shown to cause a subtle 
increase in BBB permeability subsequent to a 
free radical-mediated impairment in dCA [194]. 
Finally, MRI has the potential to measure ICP 
non- invasively [195] and thus resolve whether 
intracranial hypertension is a risk factor for AMS.

Molecular-Metabolic
The source, mechanisms and consequences of free 
radical formation in humans remain to be estab-
lished and invasive approaches that involve 
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 arterio-jugular venous  sampling and simultaneous 
measurement of CBF has the potential to provide 
unique insight into cerebral exchange kinetics 
[58]. Since the O2

• − has been identified as the pri-
mary species responsible for impaired dCA subse-
quent to activation of KCa channels in rodent 
cerebral vascular smooth muscle cells [196], it 
would be of  interest to measure this directly in 
humans via EPR spectroscopic detection of the 
novel β-phosphorylated nitrone spin trap, 
5-(diethoxy-phosphoryl)-5-methyl-1-pyrroline 
N-oxide [194]. This would also facilitate interroga-
tion of the reaction that drives the oxidative inacti 

vation of NO (O
Ms

2

16 20 109 1

•-
= - ´

-+ ®
-

NO ONOO
k

) [39]  

that has been held responsible for vascular endo-
thelial dysfunction and impaired cerebral O2 trans-
port in AMS [8, 58]. Proteomic–metabolonomic 
analyses of oxidative post-translational protein 
modifications and associated reactants would 
 provide additional complementary insight into 
AMS redox homeostasis [197, 198]. Further stud-
ies also need to confirm if catalytic “free iron” 
serves as the upstream trigger for hydroxyl radical 
formation and the elevated oxidative-nitrosative- 
inflammatory stress response in AMS, thus raising 
the possibility that iron  chelation via desferriox-
amine may provide neuroprophylactic benefit  
[58, 198]. Finally, additional pharmacological 
intervention with CGRP-receptor antagonists 
including the non-peptide drug BIBN 4096 BS, 
recently shown to be effective in the  treatment of 
migraine [199], will help clarify the potential role 
of TVS activation in AMS, the next frontier in its 
complex pathophysiology.
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         Introduction 

 Much of the clinical impact of acute altitude 
 illnesses stems from fl uid accumulation in intersti-
tial spaces and nowhere is this more apparent than 
in the lungs as the edema escapes into the alveoli 
to cause life-threatening hypoxemia. This chapter 
will update our knowledge of HAPE over the past 
decade about the vasculature, alveolar epithelium, 

innervation, immune response, and genetics of the 
lung in hypoxia, as well as prophylactic and thera-
peutic strategies to reduce the toll of this most 
common alpine life-threatening illness.  

    Clinical Presentation 

 HAPE has an incidence of 0.2–15 % depending 
on altitude, ascent rate, exertion, gender, age, 
infection, individual susceptibility, and  underlying 
health problems associated with pulmonary 
hypertension [ 1 ]. With past radiographically 
proven HAPE, the incidence may approach 60% 
[ 2 ]. Men are more susceptible than women [ 3 ], 
refl ecting possibly the advantages of ventilatory 
stimulation from progesterone [ 4 ] and lesser 
hypoxic pulmonary vasoconstriction (HPV) from 
estrogen [ 5 ]. HAPE has no age dependence, 
although aging-related increases in pulmonary 
vascular resistance (PVR), which might also 
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extend to HPV, would predict greater HAPE sus-
ceptibility. Although HAPE can develop in seden-
tary persons, exercise [ 6 ] and its pulmonary 
hemodynamic consequences (discussed below) 
are important precipitating factors. 

 Symptoms, signs, and physiologic changes in 
lung function typical of pulmonary edema [ 1 – 3 ,  7 ] 
evolve in 2–4 days after ascent, often preceded or 
accompanying AMS (see Chap.   20    ), but can occur 
later with further ascent. Arterial saturations can 
fall as low as 40 % and PaO 2 s in the low 20 mmHg 
range. HAPE in its severest stage with profound 
hypoxemia can lead to high-altitude cerebral 
edema [ 8 ]. Repeat occurrences of HAPE do not 
always involve infi ltrates in the same areas, which 
suggests that fi xed structural aspects of lung paren-
chyma or vessels do not account for the timing of 
edema or its locale [ 9 ]. A special exception is uni-
lateral absence of a pulmonary artery, in which 
edema always occurs in the contralateral lung 
receiving the entire cardiac output [ 10 ]. 

 It has been suggested that many persons (50–
75 %) may have subclinical HAPE that resolves 
spontaneously despite remaining at altitude [ 11 – 13 ]. 
This incidence equals that of AMS, which itself can 
cause mild gas exchange impairment [ 14 ] by 
unknown mechanisms perhaps related to altered 
autonomic infl uences on the pulmonary circulation 
and/or airways leading to ventilation- perfusion mis-
matching. Subclinical HAPE may be considerably 
overestimated without radiography [ 15 ] because 
indirect measures of interstitial edema such as spi-
rometry, closing volume, and/or transthoracic 
impedance can vary for other reasons related to 
mountaineering including intense exercise and 
increased cardiac output, cold/dry air-induced bron-
choconstriction, and hypocapnia [ 16 ]. With radio-
graphically mild HAPE, only modest abnormalities 
were detectable [ 15 ] suggesting many lung function 
parameters are not sensitive enough to detect small 
changes in interstitial fl uid and may require high- 
resolution tissue density measurements by CT or 
MR imaging. Reentry HAPE occurs when long- 
term high-altitude residents return to high altitude 
following a brief low-altitude sojourn. It has a strong 
familial basis and affl icts children more than adults 
[ 17 ], perhaps due to a twofold greater magnitude of 
HPV in preteen children (age 6–9) compared to 

teenagers (age 14–16) when tested 40 h after ascent 
to high altitude [ 18 ].  

    Pathophysiology 

 From its fi rst modern descriptions, pulmonary 
hypertension and HAPE have been inextricably 
linked suggesting a primary hemodynamic basis. 
However, an infl ammatory reaction and differ-
ences in hypoxia-sensitive, active alveolar fl uid 
reabsorption may at times be contributory. 

    Hemodynamics 

 Mean PA pressures by catheterization in untreated 
HAPE range from 35 to 95 mmHg with normal PA 
wedge pressures. Noninvasive echocardiographic 
estimations of systolic PA pressure substantiate 
these data [ 2 ,  19 ] and show no evidence for left ven-
tricular systolic or diastolic dysfunction [ 20 ,  21 ]. 
Excessive PA pressure precedes HAPE [ 2 ] and any 
interventions (descent, oxygen, or drugs) which 
lower PA pressure improve gas exchange and 
 outcomes [ 19 ,  22 ,  23 ]. 

 HAPE susceptibles have several hypoxic 
responses putting them at risk; the most impor-
tant is strong HPV. Although their resting PA 
pressures are at the high end of normal at low 
altitude, exaggerated responses with normoxic 
exercise and sleep [ 24 ,  25 ] point to a constitu-
tional hyperreactivity of the pulmonary circula-
tion (Fig.  21.1 ). Their relatives have not been 
studied, but children and their fathers at 3,450 m 
show similar PA pressure increases [ 26 ], suggest-
ing HPV is, in part, genetically determined as is 
the hypoxic ventilatory response (HVR) [ 27 ]. 
The prevalence of heightened pulmonary vascu-
lar responsiveness in the general population may 
be as high as 10 % [ 28 ] and may contribute to the 
out of proportion pulmonary hypertension that 
develops later in life in patients with sleep apnea, 
heart failure, and chronic lung disease.

   PA catheterization studies at 4,559 m [ 29 ] 
found the exaggerated rise in PA pressure in 
HAPE susceptibles at 4,559 m led to an increased 
microvascular pressure above 20 mmHg in those 
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developing HAPE (Fig.  21.2 ). This threshold for 
edema is similar to animal work in showing a 
PO 2 -independent microvascular pressure of 
17–24 mmHg [ 30 ]. It is interesting that this same 
pressure range in normoxic rats imposed by left 
atrial pressure elevation also reduces active alve-
olar epithelial sodium reabsorption [ 31 ]; which is 
discussed below in the “ Alveolar Fluid Clearance ” 
section. It should be emphasized that microvas-
cular pressure rather than upstream PA pressure 
elevation is more crucial because strong HPV 

alone need not necessarily lead to HAPE, as 
shown in a study of adults with a history of peri-
natal hypoxia [ 32 ,  33 ].

   High hypoxic PA pressures and PVR in 
HAPE-susceptibles is the sum of many infl u-
ences including those intrinsic to vascular smooth 
muscle, but also to neuro-humoral responses, 
lung volume, and vascular endothelium. 

  Neuro-humoral Responses : HAPE susceptibles 
have a lower isocapnic HVR set largely by 

  Fig. 21.1    PAP in HAPE-susceptible individuals ( continu-
ous lines  and  fi lled symbols ) and in non-susceptible con-
trols ( dashed lines  and  open symbols ) during exposure to 

normobaric hypoxia ( left ) and before and during exercise 
on a bicycle ergometer ( right ). The highest PAP record-
ings during exercise (75–150 W) are shown (From ref [ 62 ])       

  Fig. 21.2    Mean pulmonary artery pressure ( P  pa ) and pul-
monary capillary pressure ( P  cap ) in 14 controls and in 16 
high- altitude edema susceptible (HAPE-s) subjects at 
high altitude. HAPE-s is further divided in those who 

developed HAPE (HAPE) and those who did not develop 
HAPE (non-HAPE).  Bars  indicate the mean values in 
each group. * p  < 0.05, ** p  < 0.01 vs. control,  †  p  < 0.01 vs. 
non-HAPE       
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the peripheral chemoreceptors [ 34 ,  35 ], which 
results in lower alveolar and arterial PO 2 s at the 
same P I O 2 , and thus a stronger HPV stimulus. 
Similar, but only indirect measures of lesser ven-
tilatory response to hypoxia (lower arterial satu-
ration and higher end-tidal CO 2 ) have been 
shown in a group of high-altitude adolescents 
with susceptibility to HAPE (reentry HAPE) 
when compared to resistant controls [ 36 ]. These 
data from awake subjects have now been also 
shown to apply to sleep in HAPE-susceptible 
persons at high altitude [ 37 ,  38 ]. Lower HVR 
also leads to a smaller fall in P A CO 2  and less 
hypocapnic inhibition of HPV [ 39 ]. HVR and 
HPV may be linked in two ways. Lower arterial 
PO 2  itself may increase PA pressure because 
 isolated hypoxic perfusion of the bronchial artery 
(supplying the vasa vasorum of pulmonary arter-
ies) increases PA pressure [ 40 ]. This fi nding may 
be relevant to subjects with a patent foramen 
ovale (PFO) who have greater arterial desaturation 
at altitude and an apparently higher incidence of 
HAPE [ 41 ], despite the potential benefi t of a 
right to left intracardiac shunt in minimizing PA 
pressure elevation. The second is a direct modu-
lation of HPV by the peripheral chemoreceptors 
via pulmonary innervation. In mechanically ven-
tilated animals, vagotomy [ 42 ] and carotid body 
ablation [ 43 ] increase HPV. In humans, the mag-
nitude of    poikilocapnic HVR as measure of 
peripheral chemoreceptor oxygen sensitivity was 
found to be inversely correlated to the magnitude 
of HPV [ 44 ]. Acute moderate hypoxia in humans 
causes diuresis and natriuresis which are corre-
lated to higher HVR [ 45 ]. HAPE susceptibles 
have lower HVR and may be disadvantaged by a 
limited diuretic response [ 46 ], in part by greater 
activation of the renin-angiotensin system [ 47 ] 
and sympathetic nervous system [ 48 ], but also 
less chemoreceptor-mediated natriuresis. 

     Increased Sympathetic Tone : Increased sympa-
thetic tone with hypoxia, especially in the absence 
of strong opposing peripheral chemoreceptor 
input, may also contribute to stronger HPV, in an 
analogous fashion to those with low HVR who are 
more susceptible to cerebral- mediated hypoxic 
ventilatory depression [ 49 ]. HAPE susceptibles 

have increased skeletal muscle sympathetic tone 
during hypoxia at low and high altitude [ 47 ], 
although this study, similar to the HPV studies, 
suffers from lack of control on the strength of the 
hypoxic stimulus due to HVR differences. 
Stimulation by cerebral hypoxia of the lung sym-
pathetic innervation augments HPV [ 50 ] via 
alpha receptors [ 51 ] and HPV is reduced with 
autonomic blockade in some [ 52 ] but not in all 
studies [ 46 ,  47 ,  53 ,  54 ]. Isolated perfusion of the 
dog brain with hypoxic-hypercapnic blood causes 
intense sympathetic activation, increased PA 
pressures, and pulmonary edema [ 55 ]. The impact 
of this study is diminished somewhat by the use 
of hypoxic-hypercapnic blood, because cerebral 
hypercapnic hypoxia is a potent stimulus for 
sympathetic activation, which would be less with 
the arterial alkalemia and hypoxemia typical at 
high altitude. 

  Lung Volume : HAPE susceptibles have 10–15 % 
lower lung volumes and 30 % lower functional 
residual capacity (FRC) [ 34 ,  35 ,  56 ,  57 ]. FRC is 
the lung volume at which normal breathing and 
perfusion occur and lung volume itself is a deter-
minant of PVR [ 58 ]. HAPE susceptibles show 
greater arterial desaturation while supine that 
resolves with high tidal volumes [ 35 ] indicative 
of a lower FRC. Their lower diffusing capacity 
[ 57 ,  59 ] is consistent with a smaller capillary bed 
and less recruitability. Lacking lung biopsies and 
pre-HAPE lung function measurements, it is not 
possible to distinguish whether they have intrin-
sically different lung structure or that an episode 
of HAPE heals with a small loss in volume and 
capillary bed. 

  Vascular Endothelium : There are differences of 
the vasculature itself in HAPE susceptibility, 
although it has not been studied whether differ-
ences in PA vascular smooth muscle responsiveness 
to hypoxia exist. Nitric oxide (NO) and endothelin 
1 (ET-1) are key endothelial-derived vasoactive 
mediators. Lung NO production in hypoxia is 
reduced in HAPE susceptibles as measured in 
exhaled gas (Fig.  21.3 ), alveolar lavage fl uid, and 
blood [ 60 – 63 ]. Systemic vascular endothelial NO 
generation as a surrogate for the pulmonary circu-
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lation is reduced more in hypoxic HAPE suscep-
tibles [ 64 ,  65 ], possibly as a result of greater 
circulating concentrations of asymmetric dimethyl 
arginine (ADMA), an endogenous metabolite of 
arginine and inhibitor of endothelial NO synthase 
[ 65 ]. Circulating ET-1 is elevated almost threefold 
at high altitude and to a greater degree in HAPE 
susceptibles and correlates with the rise in PA 
pressure [ 64 – 66 ]. Other vascular mediators stud-
ied in over 400 subjects at 3,500 m with likely 
hypertensive effect on the pulmonary vasculature 
are greater in HAPE susceptibles, including 
plasma concentration of serotonin, 8-iso prosta-
glandin F, renin, and aldosterone [ 65 ].

   The study of HPV continues to identify new 
sensing, signalling and effector mechanisms and 
pathways, of which several warrant mention. In 
addition to the critical role of NO, two other 
endogenously produced gases,  carbon monoxide 
and hydrogen sulfi de,  may be potentially impor-
tant HPV modulators [ 67 ,  68 ], but have not been 
studied at high altitude or in HAPE susceptibles. 
Iron supplementation and iron chelation reduce 
and increase HPV respectively [ 69 ,  70 ], possibly 
via altered  HIF metabolism  [ 71 ]. In two rat 
strains with differing pulmonary hypoxic 
responses, HIF-1 activity and HIF-mediated pro-
tein expression were higher in the strain with 
lesser pulmonary hypertension [ 72 ]. In contrast, 
mice with heterozygous HIF 1-alpha defi ciency 
have weaker acute and chronic hypoxic responses 

in isolated pulmonary vascular smooth myocytes 
and pulmonary vessels than wild type mice [ 73 , 
 74 ]. Carotid body sensitivity to hypoxia in these 
same HIF 1-alpha defi cient heterozygote mice is 
depressed [ 75 ], although this does not appear to 
diminish the HVR. Interestingly a recent report 
fi nds that low- altitude HAPE-susceptible indi-
viduals compared to HAPE-resistant persons and 
high-altitude natives in India have distinct poly-
morphisms in the EGLN-1 gene (HIF-prolyl 
hydroxylase-20) that acts to regulate HIF-1 alpha 
activity [ 76 ]. These polymorphisms are associ-
ated with differences in SaO 2  and pulmonary 
artery pressures at high altitude as would be pre-
dicted for HAPE susceptibility. Further support-
ing pharmacological evidence for HIF-1alpha 
mediation of HPV was demonstrated in mice by 
reduction in hypoxic pulmonary hypertension 
with digoxin, a known inhibitor of HIF-1alpha 
transcriptional activity [ 77 ]. At present it is not 
clear how HIF- dependent gene transcription 
affects HPV, but it likely involves alterations in 
pulmonary vascular smooth muscle calcium 
signalling [ 77 ]. 

 A compelling case is emerging that hypoxia 
increases  reactive oxygen species  ( ROS ) genera-
tion (see Chap.   1    ), which is an upstream signal 
for HPV [ 78 ,  79 ]. While it is clear that altitude 
increases stable circulating markers of ROS pro-
duction [ 80 ,  81 ] and may play a role in AMS, it 
also appears that persons with higher HPV 

  Fig. 21.3    ( a ) Exhaled NO after 40 h at 4,559 m in 
individuals developing HAPE ( left ) and in individuals 
not developing HAPE (HAPE-R) despite identical 
exposure to high altitude. ( b ) Exhaled NO in individu-

als with (HAPE-S) and without susceptibility 
(HAPE-R) to HAPE after 4 h of exposure to hypoxia 
(FIO 2  = 0.12) at low  altitude (elevation 100 m) (From 
refs [ 61 ,  62 ])       
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 generate more ROS and less bioactive NO spe-
cies across the lung [ 82 ]. In support of this, it was 
recently shown that HAPE-susceptible subjects 
have lower plasma concentrations of superoxide 
dismutase, an enzyme that converts oxygen radi-
cal (O 2  − ) to H 2 O 2 , a less potent oxidant species 
[ 65 ]. Isolated human PA endothelial cells exposed 
to 3 % oxygen produce more hydrogen peroxide 
and become more permeable to albumin, both of 
which are diminished in vitro and in vivo by 
 antioxidants [ 83 ]. 

    Site(s) of Excessive Pressure 
and Leak in HAPE 
 Three theories have been proposed and none are 
mutually exclusive: (1) trans-arteriolar leakage, 
(2) hypoxic venoconstriction leading to capillary 
pressure elevation, and (3) uneven regional HPV 
with overperfusion in certain areas. Small arteri-
oles are a site of leakage with markedly increased 
PA pressure [ 84 ,  85 ] possibly because their 
 endothelial cells in vitro have a 20-fold greater 
permeability than more downstream microvascular 
arterial endothelial cells [ 86 ]. Pulmonary veins 
also constrict with hypoxia [ 87 ], thus increasing 
resistance and pressure downstream of the fl uid 
fi ltration region. Uniform arteriolar and venocon-
striction, alone or in combination, may contribute 
to edema formation; however, they cannot explain 
the patchy radiographic appearance of early 
HAPE unless there is regional HPV heterogene-
ity leading to uneven distribution of perfusion 
with high fl ow in those areas of lesser vasocon-
striction. In these regions pressures might rise to 
the threshold of 17–24 mmHg [ 88 ], possibly 
aggravated further by increased venous  resistance 
[ 89 ]. Recent investigations in non- exercising ani-
mals with microspheres [ 90 ] and humans with 
magnetic resonance imaging [ 91 ,  92 ] demonstrate 
that HPV is indeed uneven. Although exercise in 
hypoxia does not signifi cantly further increase 
regional perfusion heterogeneity above that with 
hypoxia alone [ 93 ,  94 ], the much higher pres-
sures [ 24 ,  25 ] should greatly increase the risk of 
injury in the more highly perfused areas (over-
perfusion edema). 

 The basis of uneven regional HPV is unknown 
but may involve inhomogeneous localization of 
smooth muscle, both in thickness and longitudi-

nal distribution along the arterial tree. Intrinsic 
differences in local endothelial vasoactive media-
tor production or expression and heterogeneity of 
membrane ion channels and receptors may be 
also invoked, as exist for endothelial derived NO 
in the horse between dorsal and ventral lung 
regions [ 95 ]. It does not appear that uneven 
regional HPV in HAPE susceptibles is due to 
greater resting V A /Q heterogeneity at low  altitude, 
which would lead some regions having a lower 
P A O 2  and to undergo a more precipitous drop with 
a fall in inspired PO 2  [ 56 ]. Unevenness of regional 
HPV may decrease with time at altitude since 
slow ascent prevents HAPE even in susceptible 
individuals and HAPE rarely occurs after the fi rst 
5 days at a given altitude. There may be rapid 
remodeling and generalized homogenous muscu-
lar hypertrophy of all arterioles or greater NO 
production [ 61 ], both of which would lead to a 
more even blood fl ow distribution and microvas-
cular protection. Another protective factor may 
be upregulated gene transcription and protein 
expression for collagen and other extracellular 
matrix constituents that strengthen the alveolar 
capillary barrier [ 96 ]. 

 Although hypoxia even in the absence of pres-
sure changes can also increase alveolar–capillary 
permeability [ 97 ,  98 ], the evidence best supports 
overperfusion edema occurring in some regions 
as a result of high blood fl ow under large driving 
gradients with resultant increased microvascular 
pressures exceeding the capacity of the lungs to 
maintain a fl uid-free air space. What is lacking is 
defi nitive in vivo evidence that edema develops 
in areas of high fl ow. This will require studies 
using a single imaging modality capable of 
simultaneously resolving blood fl ow and changes 
in extravascular fl uid content.   

    Infl ammation 

 Alveolar lavage fl uid in some mountaineers with 
HAPE [ 99 ,  100 ] revealing signifi cant neutrophilia 
and elevations of several proinfl ammatory cyto-
kines and neutrophil chemotactic factors engen-
dered the idea that infl ammation might be causal 
in HAPE. Work in hypoxic animals with viral 
[ 101 ] or endotoxin [ 102 ] administration showing 
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more edema and prevention of hypoxic edema 
with corticosteroid pretreatment, a classic anti-
infl ammatory therapy [ 103 ], further supported the 
concept. Ten percent oxygen given to rats causes 
leukocyte adhesion to systemic capillaries, ROS 
formation, depletion of endogenous NO, and 
increased permeability [ 104 ] and this can be 
blocked by dexamethasone [ 105 ]. The systemic 
capillary changes were due to local mast cell 
degranulation triggered by monocyte chemoat-
tractant protein-1 generated by hypoxic alveolar 
macrophages [ 106 ]. Likewise, similar fi ndings of 
increased ROS production, infl ammation, and 
upregulation of the proinfl ammatory gene tran-
scription factor, nuclear factor kappa beta (NFkB), 
were found in the lungs of rats and mice exposed 
altitudes >18,000 ft [ 83 ,  107 – 109 ] and were atten-
uated by antioxidant treatment [ 106 ]. More 
recently [ 110 ] it has been shown in mice exposed 
to 10 % hypoxia for 1 day that lung cells uniquely 
express hypoxia-induced mitogenic factor (MIHF), 
which is proangiogenic and vasoconstricting, but 
also stimulates release of the proinfl ammatory 
cytokine, monocyte chemotactic protein (MCP-
1). However, the relevance of these studies to 
human HAPE is questioned because evidence for 
systemic capillary infl ammation and leakage has 
not been found [ 111 ] and HAPE in humans devel-
ops at much lower altitudes and lesser hypoxia 
than studied in these rodent models. 

 The noninfl ammatory characteristics of alveo-
lar fl uid in some cases of HAPE [ 99 ] and no in 
vivo thrombin and fi brin formation except in very 
advanced HAPE [ 112 ] or differences in platelet 

activation with hypoxia between HAPE suscepti-
bles and HAPE-resistant subjects [ 113 ] are more 
consistent with any infl ammation occurring as a 
secondary response to alveolar–capillary barrier 
disruption and edema. When lavage was per-
formed in climbers within a day of ascent to 
4,559 m only mild alveolar hemorrhage and 
increased protein concentrations in the airspace 
(Table  21.1 ) (Fig.  21.4 ) were found both in those 
ill with HAPE (HAPE-ill) and in those who devel-
oped HAPE (pre-HAPE) within the next 24 h 
[ 62 ]. There was a strong correlation between the 
magnitude of pulmonary hypertension by echo-
cardiography and hemorrhage and protein eleva-
tion in the alveolar space (Fig.  21.5 ). In contrast, 
there were no increases in alveolar neutrophils 
and proinfl ammatory mediators (tumor necrosis 
factor-α, interleukins 1 and 8) early in course of 
HAPE. Alveolar macrophages harvested at sea 
level and at high altitude showed no differences in 
TNF, IL-8, IL-6, and IL-1 production between the 
HAPE-resistant and HAPE-susceptible subjects 
when stimulated in vitro under normoxic or 
hypoxic conditions, before or after endotoxin 
stimulation [ 114 ], and in rat alveolar epithelial 
cells, macrophages, and pulmonary artery smooth 
muscle cells, mild hypoxia (5 % O 2 ) in fact led to 
an attenuation of proinfl ammatory gene and pro-
tein expression [ 115 ]. Lack of infl ammation in 
early HAPE was recently shown in rats that were 
made to continuously walk slowly in hypobaric 
hypoxia (4,800 m) for up to 48 h. Despite greater 
hemorrhagic lung edema and histological evi-
dence of capillary stress  failure, there were no 

    Table 21.1    Bronchoalveolar lavage characteristics in early HAPE   

 550 m  4,559 m 

 CONT 
( n  = 8) 

 HAPE-S 
( n  = 9) 

 CONT 
( n  = 6) 

 HAPE-s 
(pre-HAPE) ( n  = 6) 

 HAPE-s (ill) 
( n  = 3) 

 Leukocyte count (×10 3 /mL)  8.1  6.3  9.5  8.1     9.8 
 Macrophages (%)  94  95  83  82    85 
 Neutrophils (%)   1   0   0   1    1 
 Red cell count (×10 3 /mL)   3   4  10  26*  623* 
 Total protein (mg/dL)  1.8  1.5  14*  34*  163* 
 PAP systolic(mmHg)  22  26  37*  61*   81* 

  Bronchoalveolar lavage (BAL) at 550 m and on the second day at 4,559 m in 8 control subjects (CONT) and in 9 
HAPE- susceptible subjects (HAPE-S) of whom 3 had pulmonary edema at the time of BAL. Of those 6 HAPE-S with-
out pulmonary edema at the time of BAL (pre-HAPE), 4 developed HAPE within 18 h after BAL. * p  < 0.05 vs. 550 m 
(From ref [ 62 ])  
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signifi cant increases in leukotriene B4 and no cor-
relations of edema or arterial hypoxemia with 
neutrophils in the lavage fl uid [ 116 ]. In a model of 
greater hypoxic stress (10 % O 2 ) lasting 168 h but 
without exercise, infl ammation as determined by 
increased lung mRNA for IL-1, IL-6, and TNF-
alpha was not increased [ 117 ]. Increases in circu-
lating interleukin-6 (IL-6) in humans at altitude 
[ 111 ,  118 – 120 ] continue to be taken as evidence 
for an infl ammatory effect of hypoxia that might 
lead to HAPE [ 118 ]. This idea is problematic 
because exercising muscle releases IL-6 in pro-
portion to intensity and duration of work both in 
normoxia and hypoxia [ 120 ,  121 ]. With passive 
ascent to high altitude, there is little to no increase 
in IL-6, even in HAPE-susceptible persons [ 122 ]. 
Although IL-6 is considered a classic proinfl am-
matory cytokine, it may have equally important 
anti-infl ammatory and endothelial permeability 
protective actions [ 121 ,  123 ]. Studies in IL-6 
knockout and overexpressing mice should be 
instructive in determining the role of IL-6 at high 
altitude.

    What initiates secondary infl ammation is not 
clear? Sustained high pressures in untreated 
HAPE of suffi cient duration may trigger infl am-
mation [ 124 ] or the infl ammation represents 
healing of a disrupted alveolar–capillary barrier 
that occurs in the most severe cases of HAPE. 

   Alveolar hemorrhage, whose breakdown products 
including free hemoglobin and its subsequent 
degradation to heme metabolites are neutrophil 
chemoattractants [ 125 ]. These bind to danger and 
pathogen-associated molecular pattern cell sur-
face proteins of the innate immune system to 
engage infl ammatory signalling pathways [ 126 ]. 

 Despite evidence, particularly in humans 
given above, against primary infl ammatory alter-
ation of the alveolar–capillary barrier in HAPE, 
animal models at much higher altitude or with 
greater normobaric hypoxia [ 105 ,  107 ,  108 ,  127 ] 
do support an element of initial co-contributing 
risk. Emerging evidence shows that severe 
hypoxia can induce infl ammation via HIF-1 
alpha and NFkB-linked gene regulation [ 127 ]. 
Thus, it may be possible that HAPE is primarily 
a pressure-related pathology, but if the hypoxia is 
severe enough, increased capillary permeability 
from activation of infl ammatory cascades will 
also contribute to alveolar edema. Drugs such as 
nifedipine, the best studied pulmonary vasodila-
tor for HAPE prevention (see below), could con-
ceivably also act to limit infl ammation and edema 
in the lung with severe hypoxia by suppressing 
NFkB, although in a rat study used to investigate 
this hypothesis the dosing was 50–100 times 
higher than that used in humans [ 128 ] and lower 
doses were not tested. Furthermore, it is likely 

  Fig. 21.4    Chest radiograph with bronchoalveolar lavage 
fl uid aliquots (fi rst and fi fth) from a representative subject 
with early high-altitude pulmonary edema. The radio-

graph shows interstitial and alveolar infi ltrates and the 
lavage performed after the X-ray was taken shows mild 
alveolar hemorrhage (From ref [ 62 ])       
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that any concurrent process altering alveolar–
capillary barrier permeability, such as preceding 
respiratory viral infections [ 129 ,  130 ], will lower 
the edema threshold and also explain why HAPE 
in humans can occur in some at a    modestly low 
altitude [ 131 ].

        Alveolar Fluid Clearance 

 Active sodium transport from alveolar space into 
the interstitium is important in normal lung fl uid 
balance and a strong argument has been made for 
this process at high altitude. Hypoxia in vitro 
decreases transepithelial sodium transport by 
reducing expression and activity of the apical 
epithelial sodium channel (ENaC) and basolat-
eral Na + /K +  ATPase [ 132 ] in cultured alveolar 
epithelial cells possibly by an impairment of 
beta-2 adrenergic receptor signalling [ 133 ,  134 ]. 
These and many other in vitro studies have used 
1–3 % O 2  (reviewed in [ 135 ]), but recently it was 
found that 5 % O 2  had much less effect [ 115 ]. 
Whether or not this translates into reduced alveo-
lar fl uid clearance (AFC) with hypoxia in vivo is 
also confl icting. Some studies fi nd depression of 
AFC [ 136 ,  137 ] acutely and mice partially defi -
cient in ENaC develop greater accumulation of 

lung water in hypoxia [ 138 ]. However, in another 
study of rats exposed to 10 % O 2  for 5 days, there 
was no AFC depression in the fi rst 3 days, after 
which it rose by 25–30 % [ 139 ]. Interestingly, a 
link between infl ammation and HAPE may arise 
from viral infection-related downregulation of 
ENaC activity and diminished AFC [ 140 ]. In 
addition to hypoxia itself, raised intracapillary 
pressure around the level at which alveolar and 
interstitial fl uid begin to accumulate also reduces 
active alveolar epithelial sodium reabsorption 
[ 31 ], but the mechanism is unknown. 

 Whether alveolar sodium transport differences 
underlie HAPE susceptibility has been addressed 
with transepithelial nasal potential (NP) differ-
ences as a surrogate for alveolar epithelial ion 
transport. Reduced NP differences indicative of 
decreased sodium reabsorption by ENaC have 
been reported in HAPE-susceptibles [ 141 – 143 ]. 
This has been questioned because NP differences 
between HAPE-susceptibles and controls at high 
altitude could not be attributed to differences in 
ENaC activity [ 143 – 145 ], but rather to differ-
ences in chloride secretion, which contributes a 
large fraction of the NP difference in the nasal 
mucosa, but not in the alveolar epithelium. The 
role of the cystic fi brosis transmembrane regula-
tor (CFTR), a chloride channel and possible path-

  Fig. 21.5    Individual BAL red blood cell count and albu-
min concentrations plotted against pulmonary artery sys-
tolic pressures at high altitude (4,559 m).  BAL  indicates 
bronchoalveolar lavage;  HAPE  high-altitude pulmonary 
edema. The  vertical lines  denote a threshold systolic PA 
pressure (>60 mmHg) above which red blood cell ( a ) 

appear in the BAL fl uid in contrast to the lower pressure 
(35 mmHg) at which albumin leakage occurs ( b ). The 
 open circles  in the  lower left  of both panels show the nor-
mal values for these at low altitude. The correlation coef-
fi cients are given for the best-fi t curves of the values at 
high-altitude ( P  < 0.05 for both curves) (From ref [ 62 ])       
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way for chloride reabsorption accompanying 
reabsorbed sodium, has not been explored in 
HAPE susceptibility, but in rats beta-2 adrenergic 
receptor-mediated upregulation of CFTR function 
is necessary for increased alveolar fl uid reabsorp-
tion [ 146 ] and newborn pigs with either heterozy-
gous or homozygous CFTR gene knockout (but 
before the onset of lung pathology) have reduced 
alveolar sodium reabsorption [ 147 ]. Further evi-
dence of the role of beta-2 adrenergic receptor-
mediated lung fl uid reabsorption was found in 
humans, in which circulating lymphocyte beta-2 
adrenergic receptor density increase correlated 
with greater decrease in lung water during a 17-h 
normobaric hypoxic exposure [ 148 ]. 

 To assess the relevance of active alveolar epi-
thelial fl uid reabsorption, inhaled salmeterol and 
oral dexamethasone, both of which are known to 
upregulate membrane ENaC and Na + /K +  ATPase 
(reviewed in [ 149 ,  150 ]), were studied at 4,559 m. 
Both drugs reduced HAPE in susceptible climb-
ers [ 141 ,  151 ] when the drugs were begun one 
day before ascent. Owing to multiple actions of 
beta-2 adrenergic agonists (HPV inhibition, stim-
ulation of HVR and ventilation, tightening of 
cell-to-cell contacts, and upregulation of NO pro-
duction [ 152 – 155 ]), the contribution of enhanced 
active AFC to the positive outcome of the salme-
terol study remains uncertain. Protection by 
dexamethasone [ 151 ] was not corroborated with 
indirect measures of enhanced active alveolar 
sodium and fl uid reabsorption (NP difference and 
expression of leukocyte mRNA for sodium trans-
porting proteins), but rather to a surprising reduc-
tion of PA pressure discussed below. It still 
remains the case that we need more selective and 
specifi c drugs to evaluate the role of active AFC 
in HAPE. In addition to deleterious effects of 
reduced NO in HAPE-susceptibles on PVR, NO 
may have a permissive and stimulatory effect on 
alveolar Na +  reabsorption as shown in cell culture 
studies [ 156 ]. Two studies [ 157 ,  158 ] of endothe-
lin add another face to this vasoconstrictor, that 
of inhibiting AFC by activation of endothelial 
cell ET-B receptors. The clinical importance of 
this possible effect of ET-1 on AFC and HAPE 
awaits human studies with selective ET-B recep-
tor antagonists, because three studies at high alti-

tude with bosentan (a nonselective ET-A/B 
receptor antagonist) have yielded confl icting 
results on PA pressure, exercise capacity, and gas 
exchange [ 66 ,  159 ,  160 ]. 

 Unresolved questions surrounding the impor-
tance of active alveolar fl uid reabsorption in 
HAPE are whether a reduced capacity is central 
in the earliest stages of the disease by failing to 
maintain suffi cient airspace clearance or only 
later after the onset of edema. In the fi rst case, 
then agents stimulating fl uid reabsorption would 
be useful in prevention, but if the latter then these 
likely would alone be only effective treatment. 
Another is whether interstitial and alveolar 
edema, either alone or in combination with 
reduced alveolar PO 2  occurring with consequent 
lower local ventilation in these areas, link reduced 
fl uid reabsorption to increased pulmonary vascu-
lar tone.  

    Mechanisms of Increased Alveolar–
Capillary Barrier Permeability 

 Traditionally, pulmonary edema has been catego-
rized as non-cardiogenic (increased permeability 
with exudative characteristics: high protein con-
centrations and infl ammatory mediators with 
normal or only modestly elevated intravascular 
pressures) or cardiogenic (elevated hydrostatic 
pressures leading to a noninfl ammatory protein- 
poor transudative leak). Lavage and catheteriza-
tion fi ndings in nascent HAPE [ 29 ,  62 ] reveal 
characteristics of a hydrostatic but non- 
cardiogenic noninfl ammatory edema suggesting 
pressure-induced alterations to the normal per-
meability of the alveolar–capillary barrier or 
frank traumatic injury. 

    Stress Failure 
 Earlier work [ 161 ,  162 ] established that cardio-
genic edema does lead to alveolar protein accu-
mulation. The concept was further advanced for 
HAPE [ 163 ], when it was shown that discrete 
ultrastructural disruptions in the alveolar capil-
lary barrier develop in rabbit lungs with very high 
transmural pressures typical of severe HAPE. 
These included disruptions in cell membranes, 
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between cells, and in the basement membrane. 
These changes, also shown in rats exposed to 
rapid simulated hypobaric “ascents” to 8,800 m 
[ 164 ] for 1 day and to 4,700 m for 2 days with 
exercise as an additional stress [ 116 ], were 
termed capillary “stress failure” and ascribed to 
stretch and deformation of the extracellular col-
lagen matrix in excess of their load-bearing 
capacity. Despite their traumatic-like appearance, 
even allowing red cell egress, these discontinui-
ties can quickly close with pressure reduction 
[ 163 ]. It has been proposed that these hydrostatic 
disruptions of the alveolar–capillary barrier per-
mit the leak of vascular endothelial growth factor 
(VEGF) from the alveolar air space (where it is in 
high concentration) to the capillary endothelium 
whose VEGF receptors are activated to promote 
   vascular leak [ 165 ]. Elevated serum VEGF con-
centrations, however, have not been detected in 
patients with HAPE [ 166 ] or in HAPE suscepti-
bles at high altitude [ 122 ].  

    Dynamic Alterations in Permeability 
 Before the onset of the obvious injurious changes 
in the alveolar capillary barrier noted above, 
there is an earlier phase of less severe hydrostatic 
pressure-induced permeability changes in the 

intact barrier (Fig.  21.6 ). This is evidenced by the 
fact that beta-adrenergic agonists [ 167 ] and gado-
linium [ 168 ] reduce normoxic hydrostatic edema 
at constant vascular pressure. However, in a rat 
model of hypoxic edema at constant vascular 
pressure, terbutaline did not prevent the hypoxic 
permeability increase [ 97 ] suggesting hypoxia 
may limit beta-adrenergic signaling [ 133 ,  134 ]. 
Other factors such as hypoxic degradation of the 
glycocalyx lining the luminal surface of the vas-
cular endothelium, which serves as a barrier to 
fl uid extravasation [ 169 ,  170 ], may be involved. 
Vascular permeability changes with hypoxia are 
partially opposed by endothelial cell expression 
of adrenomedullin-2, a peptide that is upregu-
lated by HIF-1 and is protective in other forms of 
lung injury [ 171 ], and by sphingosine-1- 
phosphate, an endogenous lipid that promote bar-
rier enhancement via actin and junctional protein 
rearrangement [ 172 ]. Dynamic changes in trans-
cellular leakage via vesicle formation and fusion 
to create pathways that traverse the cell [ 173 , 
 174 ] and paracellular pathways via alterations in 
gap junction assembly [ 175 ] arise from signals 
initiated when cells are deformed by pressure or 
stretch. These responses may represent a preemp-
tive attempt of the alveolar–capillary barrier to 
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  Fig. 21.6    Schematic sequence of events in the progression of edema with pulmonary artery pressure rise in HAPE 
from dynamic changes in alveolar capillary barrier permeability to mechanical injury       
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lower stress forces temporarily and prevent dam-
age to the basement membranes [ 176 ] and pre-
cede the more profound “stress failure” changes. 
There was no correlation between ultrastructural 
lesions and leakiness [ 177 ] suggesting that much 
of the permeability changes are not due to histo-
logically evident stress failure disruptions. 
Lavage data at high altitude in climbers and in 
subjects before and after hypoxic exercise [ 62 , 
 178 ] support this in showing a very mild protein 
leak even in the HAPE-resistant subjects 
(Table  21.1 ).

   If hydrostatic forces persist, then gene upregu-
lation and production of collagen and other extra-
cellular matrix proteins are initiated to strengthen 
and remodel the alveolar–capillary barrier within 
hours [ 96 ]. These observations may explain the 
rapid recovery from HAPE and the protection 
from recurrence when reascending only several 
days later [ 179 ]. In reentry HAPE, there may be 
a reverse de-modeling of the vasculature when 
these people descend which then puts them at 
risk upon returning to high altitude.    

    Prevention and Treatment 

    Ascent Rates and Activity Level 

 Slow ascent is the most effective form of preven-
tion even in susceptible individuals [ 1 ]. Persons 
should not ascend with any symptoms of altitude 
illness and should descend when mild symptoms 
do not improve after a day of rest. Vigorous exer-
cise should be avoided during the fi rst days by 
individuals with HAPE susceptibility and by 
those with symptoms of altitude illness or after a 
rapid ascent to altitudes above 3,500–4,000 m. 
Those with unilateral absence of a pulmonary 
artery [ 10 ], pneumonectomy [ 180 ], upper airway 
obstruction [ 181 ], cardiopulmonary conditions 
predisposing to pulmonary hypertension [ 1 ], or 
those with hypoventilation syndromes [ 182 ,  183 ] 
should be very circumspect about heavy exertion. 
As pointed out earlier, susceptibility to HAPE 
may be increased during and shortly after any 
infection.  

    Prediction of Susceptibility: 
Phenotypic and Genotypic 
Characteristics 

 Although as a group, HAPE susceptibles have 
physiological characteristics and responses to 
hypoxia that arguably set them at risk (Table  21.2 ), 
these responses are not easily tested except in 
specialized laboratories. Systolic pulmonary 
artery pressure in hypoxia (2 h at an F I O 2  of 0.12) 
identifi ed HAPE susceptibles with a specifi city 
of 93 % and a sensitivity 77 % [ 184 ]. Lung vol-
umes and HVR did not improve the identifi ca-
tion. Recently it was proposed that a brief 8 min 
bout of hypoxic exercise (F I O 2  = 0.12 at 30 % 
VO 2  max) could identify HAPE susceptibility by 
a greater than 19 mmHg rise in PA systolic pres-
sure by echocardiography [ 185 ]. This study, 
however, should be considered preliminary and 
needs validation in a larger group, due to the 
small numbers of subjects studied, the diffi culty 
in assessing PA pressures by echocardiography 
during exercise, and the fact that increases rather 
than absolute pressures were measured. 
Interestingly, systemic hypertension seems to be 
associated with stronger HPV [ 186 ], but this has 
not been explored as a risk factor in HAPE. Given 
the low prevalence of HAPE, such testing 

   Table 21.2    HAPE-susceptibility characteristics   

 Hemodynamic 
 •  Exaggerated hypoxic pulmonary vasoconstriction 

(HPV) 
 •  Greater normoxic exercise-induced PA pressure 

elevation 
 • Augmented sympathetic tone with hypoxia 
 •  Reduced vascular endothelial nitric oxide production 
 •  Increased vascular endothelial endothelin production 
 Pulmonary 
 • Smaller lung volumes 
 •  Reduced recruitment of diffusing capacity with 

hypoxia and exercise 
 •  Possibly reduced alveolar epithelial Na + /H 2 O 

reabsorptive capacity 
 Ventilatory and renal 
 •  Lower hypoxic ventilatory responsiveness (HVR) 
 •  Possibly reduced natriuretic response to acute 

hypoxia 
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described above may cause an overestimation of 
HAPE susceptibility. Further studies are needed 
to determine if a detectable PFO is a true risk fac-
tor for HAPE. In the last analysis, general screen-
ing of trekkers or mountaineers for HAPE 
susceptibility is not necessary, since illness can 
be avoided by slower ascent rates that permit 
adaptation of the pulmonary microvasculature to 
increasing pressures by remodeling [ 96 ].

   There has been considerable interest in 
identifying genetic markers that might more 
readily predict HAPE susceptibility. Numerous 
candidates based upon reported and hypothe-
sized differences in vasoactive and infl ammatory 
pathways have been sought. The most studied 
thus far is vascular endothelial nitric oxide syn-
thase (eNOS) and the data are far from compel-
ling. Others include angiotensin converting 
enzyme (ACE), angiotensin receptor, surfactant 
proteins, coagulation factors, endothelin, tyro-
sine hydroxylase, HLA major histocompatibility 
loci, cytochrome P450, VEGF, bone morpho-
genic protein receptor-2, heat shock protein, 
beta-2 adrenergic receptor, aldosterone synthase, 
and EGLN-1 or HIF-prolyl hydroxylase 2 (for 
reviews see [ 187 ,  188 ]). Although statistically 
signifi cant differences have been found, the dif-
ferences are often not large and could not be 
confi rmed in other ethnic groups. Furthermore, 
in some cases we do not know whether the 
detected allele has any functional impact on the 
biology of the transcribed protein. The major 
diffi culties for these genome studies are that 
HAPE susceptibility will likely not be limited to 
a single gene, studies to date are considerably 
underpowered, ethnic differences may exist, and 
non-genomic determinants may be equally 
important, such epigenetic modifi cation, 
microRNA control of gene expression, and post-
translational protein modifi cation.  

    Pharmacological Prophylaxis 

 Drug prophylaxis decisions should focus on any 
previous HAPE occurrence and a risk-benefi t dis-
cussion. Nifedipine which inhibits HPV is the 
drug of choice for a history of unquestionable 

HAPE when slow ascent is not possible [ 2 ]. 
High-dose inhaled salmeterol [ 141 ] is an alterna-
tive choice, although the dose shown to be effec-
tive may cause tremor and tachycardia and is 
only 50 % as effective as nifedipine. Effi cacy in 
general in stimulating fl uid reabsorption to limit 
pulmonary edema remains unproven as demon-
strated in the failure of inhaled high-dose alb-
uterol to hasten AFC in ARDS [ 189 ]. 

 Acetazolamide, long used for AMS prevention, 
blunts or abolishes HPV in animals and man [ 190 , 
 191 ]. It was successful in an animal model of mild 
HAPE [ 192 ] and in children in Colorado with 
reentry HAPE (Peter Hackett, personal communi-
cation). Acetazolamide did not lower PA pressure 
in Himalayan trekkers and because no control sub-
jects became ill, it could not be ascertained whether 
it might prevent HAPE [ 193 ]. The failure to lower 
PA pressures, similar to another study of subjects 
also at altitude for 10 days before testing [ 194 ], 
suggests that acetazolamide is not effective in 
already partially or fully acclimatized subjects. 
Acetazolamide prevents hypoxia-mediated 
increases in PA smooth muscle cytosolic calcium 
by a mechanism not involving carbonic anhydrase 
inhibition [ 195 ]. In vivo, acetazolamide may act 
by stimulating AFC [ 196 ] and by its classic stimu-
lant action to increase ventilation and alveolar 
PO 2 , thus reducing the main HPV stimulus. 
Recently it was reported that thiadiazoles, such as 
acetazolamide, are ROS scavenging [ 197 ]. This 
may be relevant not only to how acetazolamide 
reduces HPV but another action of acetazolamide 
in reducing HAPE if it is proven that increased 
ROS production is causal. A controlled trial in 
HAPE susceptibles needs to be undertaken. 

 Tadalafi l (a long acting phosphodiesterase-5 
inhibitor) was equally effective [ 151 ] in HAPE 
susceptibles as nifedipine in reducing the recur-
rence rate to <10 % vs. the 50 % effectiveness of 
salmeterol.    The effectiveness of tadalafi l was 
unsurprising given it blocks cGMP breakdown 
(the mechanism of action of PDE-5 inhibitors in 
amplifying NO effects to diminish HPV), as 
shown with sildenafi l [ 198 ]. In addition to the 
vasodilatory effect of NO, increased NO or 
cGMP reduces pulmonary vascular endothelial 
permeability [ 199 ], a fi nding that helps to explain 
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why inhibition of NO synthesis in the isolated 
perfused lung increases edema even when the 
perfusion pressure was held constant [ 200 ]. 
Despite the effectiveness of tadalafi l in reducing 
HAPE occurrence in a susceptible population, 
sildenafi l, another PDE-5 inhibitor, did not sig-
nifi cantly reduce PA systolic pressure at 5,200 in 
a group of climbers without known HAPE sus-
ceptibility [ 201 ]. 

 In the same study examining tadalafi l, 
dexamethasone (a glucocorticoid) was 100 % 
effective in preventing HAPE [ 151 ]. By its reduc-
tion of HPV and improvement in arterial oxygen-
ation, it increased hypoxic exercise capacity 
[ 202 ]. Dexamethasone was chosen because it 
was thought that it might be more selective and 
specifi c in upregulating alveolar fl uid reabsorp-
tion than salmeterol. Its potent prophylaxis, how-
ever, was mediated by a striking reduction in PA 
pressures as in the tadalafi l group, but with even 
better arterial oxygenation both awake [ 151 ] and 
during sleep [ 37 ]. A leading explanation for its 
effi cacy is its ability to upregulate pulmonary 
vascular eNOS and NO production [ 203 ] as indi-
rectly suggested by higher urinary cGMP excre-
tion [ 151 ] and thus reduce PA pressure [ 19 ] and 
strengthen the alveolar capillary barrier [ 199 , 
 200 ]. A sympatholytic effect (lower heart rates) 
may be another contributing factor [ 151 ]. Another 
relevant effect is increased surfactant production 
and secretion even in adult lungs [ 204 ]. Surfactant 
reduces alveolar lining surface tension, which in 
turn reduces negative forces at the air–liquid 
interface and thus lowers the alveolar–capillary 
transmural pressure difference [ 205 ]. This mech-
anism may explain the reduction in vascular per-
meability in hypoxic mice treated with 
dexamethasone in which there was no change in 
PA pressure [ 103 ]. Dexamethasone-mediated 
effects may require gene transcription rather than 
more rapid non-genomic actions, because its effi -
cacy was reduced [ 206 ] if given 1 day after arrival 
(late prophylaxis) rather than 1 day before as 
early prophylaxis. 

    Several other available drugs that inhibit or 
might inhibit HPV but have not been tested for effi -
cacy in HAPE prevention include the other PDE-5 
inhibitors, vardenafi l and sildenafi l; minoxidil, an 

activator of ATP-gated K +  channels that reduces 
HPV in HAPE susceptibles [ 207 ]; statins [ 208 ], 
which upregulate endothelial cell NO production; 
ACE inhibitors [ 209 ,  210 ]; angiotensin II receptor 
blockers [ 211 ]; iron [ 70 ]; Rho kinase inhibitors 
[ 212 ]; and stimulators of cyclic GMP [ 213 ]. 
Although endothelin receptor blockers, such as bosen-
tan, reduce HPV acutely [ 214 ], they are not advised 
presently due to their signifi cant fl uid-retaining 
activity [ 66 ,  159 ] as well as lack of  effi cacy with 
more chronic hypoxic exposure [ 159 ]. 

 Lastly, biologic agents that reduce transendo-
thelial permeability, such as keratinocyte growth 
factor-2 (KGF-2) via inhibition of apoptosis and 
upregulation of active salt and water transport as 
recently reported in a rat model of HAPE [ 215 ] 
may offer both prophylactic and therapeutic 
possibilities. 

 Non-pharmacologic strategies have received 
much less study, but two recent studies are worth 
noting. In the fi rst study [ 216 ], staged ascent of 
subjects to a lower altitude for 7 days in a hypo-
baric chamber (Pb = 548 mmHg) before then 
ascending to 4,300 m (460 mmHg) resulted in a 
lower estimated mean PA pressure than that 
occurring without staging (25 vs. 37 mmHg). 
Ischemic preconditioning of one leg (arterial 
occlusion by cuff application for four cycles of 
5 min occlusion followed by 5 min release), a 
technique that improves hypoxic and ischemic 
tolerance, reduced HPV by roughly 35 % 3 h 
later [ 217 ]. Whether either of these means of 
reducing HPV will be effective for HAPE pre-
vention remains to be determined.  

    Treatment 

 The treatment of HAPE requires a proper diagno-
sis utilizing available history, physical exam, 
laboratory, and imaging data. Other possibilities 
including pulmonary embolism, bronchitis, 
pneumonia, congestive heart failure, and myocar-
dial infarction should be entertained if symptom 
onset is too early or there are atypical features. Of 
these pulmonary embolism may be the most rel-
evant alternate diagnosis. D-dimer appears to 
provide good discrimination because in a large 
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series at high altitude, only 1 out of 31 patients 
with HAPE had a diagnostic D-dimer elevation 
[ 218 ]. Recently for the diagnosis and monitoring 
of HAPE in the fi eld, chest ultrasonography using 
a handheld portable unit was useful [ 219 ,  220 ] in 
detecting typical “comet tail” echogenic refl ec-
tions arising from engorged septal lymphatics 
abutting the pleural surface indicative of pulmo-
nary edema. The technique has promise but further 
validation in those with other underlying lung 
and cardiac diseases is needed. 

 The treatment of HAPE, unlike prophylaxis, 
includes a variety of strategies for which no con-
trolled trials exist (reviewed in [ 221 ]). Immediate 
improvement of oxygenation is paramount. In a 
remote area without medical care, descent has 
fi rst priority. The tourist with HAPE in an alpine 
resort may remain avoiding exercise if the arterial 
oxygen saturation can be kept above 90 % by 
low-fl ow oxygen (2–4 L/min) with monitoring by 
family or friends and easy access to clinical care 
if needed. A recent randomized controlled trial of 
nifedipine and oxygen vs. oxygen alone for sol-
diers with HAPE brought down to 1,370 m found 
no difference in outcomes [ 222 ]. Relief of symp-
toms is achieved within hours and complete clini-
cal recovery usually occurs within 2–3 days. 
Severe and advanced cases need to be hospital-
ized or evacuated to low altitude. 

 Mortality is around 50 % when either descent 
or other treatment is not possible [ 223 ]. Without 
either oxygen or descent, portable hyperbaric 
chambers [ 224 ] or a continuous positive airway 
pressure “helmet” [ 225 ] can be initiated. 
Treatment with slow release nifedipine should be 
started until descent is underway [ 23 ]. Potent 
loop diuretics, such as furosemide, are not rec-
ommended in the fi eld because victims maybe 
already volume depleted and any further ensuing 
volume contraction will cause greater renin- 
angiotensin system activation and increase PVR 
[ 226 ]. Inhaled nitric oxide, although technically 
diffi cult to provide, is effective [ 19 ] suggesting 
that other inhaled NO donors such as nitroglyc-
erin, nitroprusside and nitrite, or inhaled prosta-
cyclin analogues may be more practical. Whether 
multiple drugs should be administered has not 

been formally tested, but they are nonetheless 
often employed.   

    Summary and Directions 
for Future Research 

 HAPE is well established as a consequence of 
exaggerated hypoxic HPV and suffi cient trans-
mission of high PA pressure and blood fl ow to 
portions of the pulmonary capillary bed, most 
likely due to regional unevenness in HPV with a 
possible contribution by venoconstriction. 
Although strong HPV is a characteristic shared 
by most individuals who develop HAPE, there 
probably can be no absolute resistance to HAPE, 
even in “non-susceptible” individuals if altitude 
gained and ascent rate are high enough or if other 
factors such as a concurrent respiratory infection 
transiently arise. The fl uid leak in humans with 
HAPE (and in animal models) affi rms the con-
cept that increased pulmonary capillary pressure 
can lead to a permeability type edema in the 
absence of infl ammation and challenges the clas-
sical paradigm that hydrostatic stress can only 
lead to ultrafi ltration of protein-poor fl uid. 

 Further developments in HAPE pathophysiol-
ogy and clinical management will be greatly 
abetted by work on several fronts. The fi rst is 
development of a large animal model that better 
mimics the entire time course, physical activity, 
and extent and injury characteristics that occur in 
humans. Presently models of HAPE in smaller 
animals such as the rat show only slight increases 
in lavage indices of permeability (e.g., 2–3 fold 
elevation in alveolar protein vs. the 20–50 fold 
increase in humans), less alveolar hemorrhage, 
greater systemic permeability, and in many cases 
lack any pulmonary vascular measurements to 
better assess the sequence of events that leads to 
a permeability leak. Even a recent pig model 
[ 227 ] of 48 h of 10 % oxygen (but without exer-
cise) showed only modest increases in permea-
bility and gas exchange abnormalities. Second, in 
order to assess defi nitively whether active alveo-
lar sodium reabsorption plays a role in the devel-
opment and resolution of HAPE, drugs and/or 
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genetic engineering in animals that only affect 
alveolar epithelial ion transport are sorely needed. 
Third, although many mediators of infl ammation 
and HPV have been studied, their roles are judged 
largely on the basis of blood values, not changes 
in lung tissue or airspace concentrations, whose 
measurement may be more illuminating, espe-
cially in conjunction with known inhibitors or 
agonists. Fourth, given the astonishing results 
with dexamethasone in HAPE prophylaxis and 
PA pressure and exercise at high altitude, some of 
which may be attributed to blunting of the 
sympathetic nervous system response to hypoxia, 
the role of lung innervation in HAPE deserves 
more study. Lastly, many more persons with a 
history of HAPE are needed for genetic assess-
ment of susceptibility. This may be advanced by 
the recent creation of a HAPE registry (  http://
iharc.partners.org    ) that hopefully will serve also 
as a database for genetic studies and analysis of 
preventative/treatment practices and as a source 
of subjects for controlled trials.     
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    Abstract  

  More than 140 million people live above 2,500 m worldwide, about 80 
million in Asia, and approximately 35 million in the Andean mountains. 
The greatest population density is located above 3,500 m. Chronic moun-
tain sickness (CMS) is one of the most important high-altitude pathologies 
in the majority of mountainous regions of the world. Its hallmark sign is 
excessive erythrocytosis (EE). In more advanced and severe stages, high-
altitude pulmonary hypertension (HAPH) appears frequently, with related 
remodeling of pulmonary arterioles and right ventricular hypertrophy. 

 This chapter summarizes CMS clinical features, physiology, pathology, 
pathogenesis, epidemiology, and genetics. It is based on a systematic review 
of worldwide literature, with emphasis in the Andes, including the literature 
from pioneering work conducted several decades ago. The role of the evolu-
tion of erythrocytosis and of ventilatory function in the development of hypox-
emia is highlighted. Hematologic and pulmonary systems are affected by 
several risk factors including age, obesity, sleep disorders, menopause, air, and 
metal pollution, and therefore, these aspects are analyzed as the basis of sec-
ondary CMS. We also examine how hypoxia and/or EE affect plasma volume, 
pulmonary hemodynamics, autonomic nervous system, kidneys, and endo-
crine function. A section on prevention and treatment discusses different avail-
able treatments and future therapeutic and prevention prospects.  
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        Introduction 

 Chronic mountain sickness (CMS) affects people 
who are native or long-time residents of high-
altitude (HA). It is a unique manifestation of 
chronic hypoxia characterized by excessive 
erythrocytosis (EE) for the altitude of residence, 
severe hypoxemia, and in many cases, particu-
larly in severe CMS, pulmonary hypertension. At 
present, there is no data on the mortality and 
expected life span of patients with CMS. 
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CMS usually begins insidiously in adult life, but 
much of the pathophysiology resolves when the 
patient moves to lower altitudes. 

 Carlos Monge-M offered the fi rst description 
of CMS in 1925 [ 1 ]. The patient was a native of 
Cerro de Pasco, a mining town at 4,300 m in the 
Peruvian Andes. His symptoms disappeared with 
descent to Lima (sea level) but recurred upon 
returning home. In 1928 Monge-M published an 
extensive article in Spanish [ 2 ] on cases of CMS 
from Cerro de Pasco (4,300 m) and Puno 
(3,800 m), an agricultural town, and thenceforth, 
the condition has borne his name: Monge’s dis-
ease. He considered CMS to be a “loss of accli-
matization” because it developed only after 
prolonged exposure to altitude in previously 
well-acclimatized subjects. 

 This chapter presents the fi ndings on CMS 
that have been reported mainly in the Andes. 
However, allusions to research in other moun-
tainous areas of the world extend and illustrate 
the concepts and factors involved in the develop-
ment of CMS. The chapter will cover the clinical 
and epidemiological expressions of CMS, its 
physiological mechanisms and pathophysiology, 
and its prevention and treatment. 

 The clinical and epidemiological aspects of 
CMS include the clinical description of the 
 disease, symptoms, signs, laboratory fi ndings, 
and the geographical distribution and altitude 
relationships. This section also examines the 
physiological mechanisms by which other 
pathologies, as well as age and gender-specifi c 
factors, are likely to infl uence the development 
of CMS. We also present an integrative approach 
encompassing the clinical, pathophysiological, 
and epidemiological aspects of the disease. The 
section on mechanisms and pathophysiology 
describes the evolution of erythrocytosis and the 
role of ventilatory function in the development 
of hypoxemia. In the section on organ effects of 
hypoxia, we examine how hypoxia and/or EE 
affect plasma volume, pulmonary hemodynam-
ics, autonomic nervous system, kidney, and 
endocrine function. The section on prevention 

and treatment discusses the different treatments 
available and future therapeutic and prevention 
possibilities.  

    Clinical and Epidemiological 
Aspects 

    Symptoms and Signs of CMS 

 In the late 1990s, an International Working Group 
was established by the International Society of 
Mountain Medicine in order to generate a con-
sensus and unify information into a consistent 
nomenclature and diagnostic criteria of signs and 
symptoms for CMS. 

 The consensus defi nes CMS as “a clinical syn-
drome that occurs to natives or long-life residents 
above 2,500 m. It is characterized by EE (females 
[Hb] ≥19 g/dL; males [Hb] ≥ 21 g/dL), severe 
hypoxemia, and in some cases moderate or severe 
pulmonary hypertension, which may evolve to 
cor pulmonale, leading to congestive heart fail-
ure. The clinical picture of CMS gradually disap-
pears after descending to low altitude and 
reappears after returning to high altitude” [ 3 ]. 

 The consensus also agreed that the most com-
mon symptoms of CMS are headache, dizziness, 
dyspnea, sleep disturbance (insomnia, hypersom-
nia), tinnitus, physical and mental fatigue, altera-
tions of memory, loss of appetite, and bone and 
muscle pain. Patients with CMS usually have 
intermittent or permanent cyanosis, venous dila-
tion in hands and feet, and clubbing of the fi ngers 
and toes. In advanced stages of the disease, right 
heart failure secondary to excessive pulmonary 
hypertension usually appears [ 2 ,  4 ,  5 ]. 

 The laboratory fi ndings show hemoglobin 
concentration ([Hb]) and hematocrit (Hct) above 
normal values for the altitude of residence. 
Arterial O 2  partial pressure (PaO 2 ) and arterial O 2  
saturation (SaO 2 ) are lower, while arterial CO 2  
partial pressure (PaCO 2 ) is higher than normal 
for a given altitude. Bicarbonate concentration 
is also higher than normal, indicating lesser 
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 respiratory alkalosis with partial renal compensation 
[ 2 ,  4 – 6 ]. All the above laboratory aspects are 
shown in Table  22.1 .

       Geographical Distribution 

 Epidemiological data reveals considerable varia-
tion in the prevalence of CMS in the different 
high-altitude populations. The prevalence of 
CMS in natives of Qinghai, Tibetan plateau, is 
1.21 % as compared with 5.59 % in Han immi-
grants [ 7 ]. Using the same criteria as Leon- 
Velarde et al. [ 8 ] and at comparable altitude, a 
CMS prevalence of 0.91 % was reported in 
Tibetans [ 9 ], while in Andeans the prevalence 
was of 5 %. As CMS has not been reported in 
Ethiopians so far, these data suggest that Tibetans 
and Ethiopians might be protected from CMS 
due to genetic factors. It is believed that several 
physiological differences refl ect a successful 
adaptation to a high-altitude environment in 
Tibetans and Ethiopians [ 10 ]. These two groups, 
contrary to Andeans and Han immigrants, have a 
preserved hypoxic ventilatory responsiveness 
[ 10 – 12 ], minimal hypoxic pulmonary hyperten-
sion [ 13 ,  14 ], and lower [Hb] values [ 10 ,  15 ,  16 ]. 

 Several studies have shown that Tibetans 
maintain higher alveolar ventilation than Andeans 
or Han immigrants, refl ected in lower P ET CO 2  
values [ 12 ,  17 ,  18 ]. Lower [Hb] values are also 
observed in Tibetans, normally 1–4 g/dL lower 
than in Andean highlanders at similar altitudes 
[ 15 ,  16 ]. This lower [Hb] would be associated to 
the reduced prevalence of EE and CMS in 
Tibetans compared to Andeans when the same 
cut-off values are employed. 

 Recently, Beall and coworkers [ 19 ] used 
genomic and candidate gene approaches to search 
for evidence if the severe reduction in O 2  avail-
ability associated with life at high altitudes was 
likely to produce a genetic selection. A genome- 
wide allelic differentiation scan (GWADS) 
 comparing native highlanders of the Tibetan 
Plateau (3,200–3,500 m) with closely related 
lowland Han individuals revealed a genome-wide 
signifi cant divergence across eight SNPs located 
near the  EPAS1  gene. This gene encodes the tran-
scription factor HIF2α, which stimulates produc-
tion of red blood cells and thus increases [Hb] in 
blood. In a separate cohort of Tibetans residing at 
4,200 m, they identifi ed 31  EPAS1  SNPs in high 
linkage disequilibrium that correlated signifi -
cantly with hemoglobin concentration. [Hb] was, 
on average, 0.8 g/dL lower in the major allele 
homozygotes compared with the heterozygotes. 
The alleles associated with lower [Hb] were cor-
related with the signal from the GWADS study 
and were observed at greatly elevated frequen-
cies in the Tibetan compared with the Han. High 
[Hb] is the outstanding sign of CMS; thus, the 
authors hypothesized that a low [Hb] might offer 
a plausible mechanism for selection of Tibetans 
for life at high altitude.   

    Mechanisms of CMS 

 The pathophysiological sequence of CMS 
 traditionally involves hypoventilation, aggra-
vated hypoxemia, and EE. The relationship 
between these variables, however, is complex, 
and the sequence not always straightforward. 

   Table 22.1       Blood parameters in    sea-level subjects (SL), 
high-altitude normal Andeans (HA), and Andeans with 
chronic mountain sickness (CMS) living at 4,300 m   

 SL ( N  = 15) 
Mean ± SD 

 HA ( N  = 15) 
Mean ± SD 

 CMS ( N  = 55) 
Mean ± SD 

 Age (years)  42 ± 7  44 ± 9  45 ± 10 
 Hb (g/dL)  13.1 ± 0.9  16.5 ± 0.9 a   23.1 ± 1.6 b,c  
 Hct (%)  43.7 ± 2.7*  49 ± 3 a   69 ± 5 b,c, ** 
 SaO 2  (%)  97 ± 1  89 ± 2 a   81 ± 4 b,c  
 PaO 2  (Torr)  93 ± 14  49 ± 2 a   42 ± 4 b,c  
 PaCO 2  (Torr)  38 ± 4  24 ± 1 a   29 ± 3 b,c  
 HCO 3  −  
(mmol/l) 

 25.7 ± 2.5  18.4 ± 1.1 a   20.3 ± 1.9 b,c  

 pHa  7.45 ± 0.02  7.5 ± 0.03 a   7.47 ± 0.02 b,c  

   Source : Adapted from references [ 38 ,  129 ] 
 * N  = 20; ** N  = 47. Values are signifi cant when  P  < 0.001 
  a  HA signifi cantly different from SL 
  b  CMS signifi cantly different from SL 
  c  CMS signifi cantly different from HA  
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This section will discuss the fi ndings on these 
variables in CMS patients and their possible 
interrelation. 

    Ventilatory Function 

 Andean highland populations living above 
3,000 m have a blunted ventilatory response to 
increasing hypoxia and breathe less compared to 
acclimatized newcomers. For a review of control 
of breathing at HA, the reader is referred to León-
Velarde and Richalet [ 20 ]. CMS patients are rela-
tively hypoxic and hypercapnic when compared 
to healthy HA natives. 

 The acute HVR for both HA natives and sub-
jects with CMS is around one-third of the values 
for SL natives [ 21 ]. HA natives and subjects with 
CMS do not differ signifi cantly from each other 
in any of the variables associated with the HVR, 
such as the hypoxic ventilatory decline (see 
Chap.   3     for details). In addition, when the periph-
eral chemorefl ex contribution at P ET O 2  = 52.5 Torr 
is calculated from the value for the acute HVR 
multiplied by the reduction in saturation associ-
ated with reducing P ET O 2  from 200 Torr to 52.5, 
the contribution for the sea-level (SL) group is 
clearly much larger than for the HA and CMS 
groups, but there is no difference between the HA 
and CMS group. Overall, recent studies provide 
evidence that lower levels of ventilation in CMS 
subjects, i.e., the loss of the drive to breathe, may 
arise from mechanisms other than reductions in 
the peripheral chemorefl ex sensitivity to hypoxia 
or that its contribution is quite marginal. 

 The central respiratory chemoreceptor drive is 
set in response to PCO 2 . Air breathing end-tidal 
PCO 2  (P ET CO 2 ) or arterial PCO 2  is used to evalu-
ate the level of resting ventilation among differ-
ent subjects, because ventilation is an inadequate 
indicator to compare individuals, due to varying 
metabolic rate, dead space fraction, and respira-
tory rate. As early as 1942, Hurtado [ 22 ] found 
that SaO 2  of patients with CMS is lower than that 
corresponding to the physiological altitude level. 
He therefore postulated that hypoventilation, sec-
ondary to a reduced sensitivity of the respiratory 
center to CO 2 , is an important factor in the etiol-
ogy of this disease [ 23 ]. 

 There have been a number of studies regarding 
the ventilatory response to CO 2  in patients with 
CMS [ 24 ,  25 ] but only one that attempted to sepa-
rate the peripheral (fast) and central (slow) compo-
nents of the ventilatory response to CO 2  [ 26 ]. 
A protocol employing bursts of 8 Torr increases in 
P ET CO 2  was used to assess the difference in the 
speed of response of the peripheral and central 
chemorefl exes and separate their relative contribu-
tions to the overall respiratory response [ 27 ]. CMS 
subjects show a lower ventilatory sensitivity to 
CO 2 , compared to euoxic HA and SL natives, but 
a higher response compared to SL natives in 
hypoxia. Altogether these fi ndings suggest that the 
P ET CO 2  in the absence of hypoxia is signifi cantly 
higher for CMS when compared with the normal 
HA natives (Table  22.2 ).

   Overall, our interpretation is that in CMS the 
central CO 2  chemoreceptors have been reset to 
operate around a resting P ET CO 2  closer to SL 
 values, i.e., around a higher P ET CO 2  value than 
that normal for the altitude of residence. The 
mechanisms responsible for this change in cen-
tral  chemosensitivity to CO 2  are not entirely 
clear. However, changes in the activity of certain 
 neurotransmitters known to act as modulators in 

   Table 22.2    Results from fast and slow ventilatory 
responses to CO 2  at 52.5 Torr in sea-level subjects (SL), 
HA natives (HA), and CMS subjects (CMS)   

 SL ( N  = 25) 
Mean ± SD 

 HA ( N  =25) 
Mean ± SD 

 CMS ( N  = 14) 
Mean ± SD 

 P ET CO 2  (Torr)  39.2 ± 1.2  26.8 ± 2.1 a   29.5 ± 1.8 b,c  
 Gp (l/min/Torr)  1.9 ± 1.2  2.1 ± 1.4  1.8 ± 1.1 
 Tp (s)  10.9 ± 7.2  12.0 ± 6.9  12.7 ± 6.8 
 dp (s)  4.5 ± 3.4  5.0 ± 2.3  6.1 ± 3.0 
 Gc (l/min/Torr)  2.3 ± 1.0  3.2 ± 1.9 a   3.3 ± 1.2 b  
 Tc (s)  107 ± 107  175 ± 112 a   231 ± 93 b  
 dc (s)  9.0 ± 5.8  12.0 ± 5.3 a   11.2 ± 5.4 
  B  (Torr)  33.3 ± 3.8  25.5 ± 2.6 a   28.6 ± 2.3 b,c  
 No of breaths  544 ± 88  514 ± 82  481 ± 85 b  

  Values are signifi cant when  P  < 0.05 
  Source : Modifi ed from [ 6 ,  26 ] 
  Tp  peripheral chemorefl ex time constant,  dp  peripheral 
chemorefl ex delay,  dc  central chemorefl ex delay,  B  bias 
term equivalent to P ET CO 2  for which ventilation in the 
absence of hypoxia is refl ected 
  a  HA signifi cantly different from SL 
  b  CMS signifi cantly different from SL 
  c  HA signifi cantly different from CMS  
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the control of breathing such as glutamate, and/
or GABA, might be involved and merit 
investigation. 

 Although the effect of blunted ventilation on 
Hct is logical in the sense of a cause–effect rela-
tionship, a possible effect of Hct on ventilation 
has been suggested by two studies in which CMS 
patients were acutely hemodiluted and ventila-
tion rose [ 28 ,  29 ] similar to the results in many 
other studies in normals and patients with lung 
disease, which show greater ventilation after iso-
volemic hemodilution. The mechanism by which 
Hct per se could modulate ventilation is not 
entirely clear, but it may involve the greater effi -
ciency of blood carbon dioxide transport afforded 
by a higher CO 2 -carrying capacity and larger 
Haldane effect of polycythemic blood, so that 
less ventilation is needed to maintain satisfactory 
tissue and arterial PCO 2 . Also, it is interesting to 
consider the possibility that erythrocytosis per se 
does not modulate ventilation. In light of new 
fi ndings on the role of Epo in ventilatory control, 
it is feasible that changes in circulating Epo, con-
sequence of hemodilution, may have caused an 
increase in ventilation. 

 Whether hypoventilation precedes and causes 
erythrocytosis or vice versa (or both pathways 
coexist and reinforce each other) will be a diffi -
cult issue to settle and may require longitudinal 
studies in persons begun before the onset of 
CMS.  

    Erythrocytosis, Erythropoietin, 
and CMS 

 Erythrocytosis, and the consequent rise in hemo-
globin concentration [Hb], increases O 2  content 
of blood but not necessarily O 2  delivery to tis-
sues. Increased [Hb] and Hct have long been con-
sidered benefi cial at high altitude because the 
increased oxygen-carrying capacity of blood 
would compensate for decreased arterial oxygen 
saturation. The increase in [Hb] should act to 
maintain tissue oxygen transport, thereby reduc-
ing the need to increase cardiac output. This con-
cept, however, has been challenged because with 
a low HbO 2  saturation (low PO 2 ), increasing [Hb] 

would only help up to a certain point, and thus, 
only a moderate increase in [Hb] would benefi t 
O 2  transport. It has been suggested that above a 
certain [Hb] value, compensatory erythrocytosis 
is not longer benefi cial because of elevated blood 
viscosity and increased blood volume, both of 
which would lead to congestive symptoms [ 30 , 
 31 ]. These also might affect pulmonary artery 
pressure, distribution of pulmonary blood fl ow, 
and pulmonary ventilation–perfusion relation-
ships. The resulting impairment in pulmonary 
gas exchange and greater hypoxemia will further 
stimulate erythropoiesis [ 29 ,  32 ]. Interestingly, 
some studies have shown that when these sub-
jects undergo hemodilution, blood oxygenation 
improves and the symptoms are reduced 
 dramatically [ 28 ,  29 ,  33 ]. 

 In support of the idea that EE can become 
counterproductive, Monge-C [ 34 ,  35 ] and 
Villafuerte and coworkers [ 31 ] used mathemati-
cal modeling and found that venous O 2  partial 
pressure (PvO 2 ) reaches a maximum at an [Hb] 
value of 15 g/dL and varies little until values 
exceed 17 g/dL (corresponding to an altitude of 
3,200 m and below the maximum CaO 2 ). Above 
this value, PvO 2  declines despite an increasing 
[Hb]. Also, based on an analysis of arterial–
venous O 2  content differences at different [Hb] 
and SaO 2  values, Reeves and Leon- Velarde [ 30 ] 
have suggested that up to a certain value (SaO 2  of 
87 % and a [Hb] of 17.5 g/100 mL), increasing 
[Hb] has a cardiac output sparing effect because 
of greater oxygen extraction. However, when 
hypoxemia worsens, an elevated or excessive 
[Hb] no longer supports effi cient O 2  transport, 
and cardiac output would have to increase, yet 
the literature shows no evidence of this in CMS 
[ 36 – 38 ]. 

 EE is seldom accompanied by an elevated 
blood volume [ 22 ,  36 ,  39 ], but cardiac output, 
peripheral resistance, and systolic blood pressure 
in CMS patients are similar to those of healthy 
individuals at the same altitude [ 36 ,  40 ]. Some 
recent studies, however, have shown that sys-
temic pressure in CMS individuals is slightly 
elevated when compared to healthy highlanders 
[ 41 ,  42 ]. Although elevated blood viscosity 
would tend to decrease venous return, the 
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increased blood volume would counteract this 
effect, and therefore, cardiac output would be 
maintained. The rise in peripheral resistance due 
to increased blood viscosity is most probably 
counteracted by the increased aortic elasticity 
and vasodilation in high-altitude residents [ 43 –
 45 ]. Contrary to what is observed for systolic 
pressure, some studies have found consistently 
increased diastolic blood pressure in persons suf-
fering severe CMS [ 37 ,  40 ] which is probably 
related to increased blood volume. 

 Studies of the physiology of transgenic mice 
overexpressing erythropoietin (Epo) have shed 
insightful information on the hypoxia- 
independent effects of EE. Under normoxic con-
ditions, this interesting mouse model (tg6) 
exhibits a 12-fold elevation in plasma Epo con-
centration, Hct values in the range of 85–90 %, 
and 75 % larger blood volume compared to its 
wild-type counterparts [ 46 ]. Although CMS 
patients are rarely this polycythemic, Jefferson 
and colleagues [ 47 ] reported one subject with 
CMS at Cerro de Pasco with a Hct of 91 %. 
Despite EE, increased viscosity, and elevated 
blood volume, tg6 mice have normal cardiac out-
put and blood pressure values. The excessive Hct 
would result in elevated peripheral resistance; 
however, the increased shear stress on vascular 
endothelium and Epo itself induces the expres-
sion of endothelial nitric oxide synthase (eNOS) 
and an enhanced production of NO, which in turn 
causes vasodilation counteracting the effect of 
Hct on peripheral resistance [ 48 ]. Interestingly to 
date, it has not been investigated whether this 
compensation in mice is present in CMS patients. 
On the venous side, due to increased blood vol-
ume, tg6 mice show signifi cantly elevated central 
venous pressure [ 46 ] which could result in ele-
vated diastolic pressure. It is possible then that 
some of the mechanisms operating in tg6 mice 
are also present in CMS individuals. An enhanced 
expression of eNOS in CMS might have a role, 
for example, in the normal peripheral resistance 
found in CMS patients. The role of Epo in the 
development of EE in CMS is controversial. The 
physiological or genetic fi ndings to date do not 
support the hypothesis of a primary abnormality 

of the Epo response as a cause of CMS. However, 
differences in downstream signaling pathways of 
the Epo receptor and posttranslational changes of 
the Epo receptor, for example, need to be 
explored. 

 Epo concentration in the blood of healthy HA 
natives is elevated when compared with SL resi-
dents [ 16 ,  49 – 52 ]. However, the average serum 
Epo concentration in CMS patients is not differ-
ent from healthy HA residents, and there is a poor 
correlation between serum Epo concentration 
and SaO 2 . Although an increased Epo concentra-
tion is not necessarily the sole cause for EE in 
CMS, it has been also suggested [ 16 ,  49 ,  51 ] that 
two subgroups of CMS may exist, those with 
elevated Epo and those with “normal” Epo levels, 
or that the over- responders might represent the 
extreme of the reversed feedback mechanisms 
relating hypoxia, Epo production, and EE. For 
further elaboration see also Spivak [ 52 ], Bozzini 
et al. [ 53 ], and Haase et al. [ 54 ]. 

 It is also possible that alterations in the circa-
dian rhythm of Epo secretion contribute to EE. 
Bernardi and coworkers [ 55 ] have shown that in 
healthy Andeans, the circadian rhythm of Epo is 
almost identical to that reported at SL [ 56 ], with 
highest values during late evening and their low-
est at 8:00 a.m. Epo values were similar to those 
reported at SL, and similarly, they had ample cir-
cadian variation, reaching on average difference 
of 40 % from day to night. The study showed that 
in Andeans with EE the day–night variation was 
abolished, and therefore, the circadian rhythm of 
Epo (with nocturnal reduction) was disrupted.  

    Secondary CMS and Risk Factors 

    CMS and Pulmonary Dysfunction 
 CMS is defi ned by EE in natives who are 
assumed to have normal respiratory function. 
When there is an obvious respiratory disease (or 
another underlying condition such as heavy 
smoking and carboxyhemoglobinemia), which 
triggers EE, the disease can be called secondary 
CMS [ 5 ]. However, in practice it may be diffi -
cult to  separate cases of CMS with purely 
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diminished ventilation from those having addi-
tional pulmonary dysfunction aggravating the 
condition. It has been shown that even common 
chronic lower respiratory tract disorders may 
predispose to CMS [ 8 ].  

    CMS and Air Pollution 
 Worldwide, the greatest impact on health caused 
by air pollution occurs among the poorest and 
most vulnerable populations. In the developing 
world, approximately 76 % of all global air pol-
lution is caused by indoor particulate matter. Use 
of biomass fuels, such as fi rewood, charcoal, 
dung, or crop residues for cooking, heating, and 
lighting, is common in several high-altitude pop-
ulations because of their low cost. Burning on 
open fi res or traditional stoves generates large 
amounts of particulate matter as well as carbon 
monoxide (CO), hydrocarbons, and other com-
pounds [ 57 ]. There is evidence that the use of 
biomass fuels is associated with COPD and exac-
erbation of infl ammatory lung conditions [ 58 , 
 59 ]. Although, these conditions could lead to sec-
ondary CMS, pollution by CO could aggravate 
hypoxia at the tissue level and therefore contrib-
ute to increase the signs and symptoms of pri-
mary CMS. This hypothesis is supported by a 
recent study carried out in the Peruvian Andes at 
4,100 m that showed that the CMS score was 
slightly but signifi cantly increased in persons 
using biomass fuels for cooking [ 60 ]. Additional 
research is required to confi rm whether air pollu-
tion by CO or particulates represent a trigger or a 
signifi cant contributor to CMS.  

    CMS, Age, and Other Underlying 
Conditions 
 With normal aging at or near SL, PaO 2  decreases 
approximately linearly [ 61 ,  62 ], from about 
95 Torr at the age of 20 to about 75 Torr at the age 
of 75 as a result of changes in lung compliance 
and greater ventilation–perfusion mismatch [ 62 ]. 
This decrease in ventilation is also refl ected in 
slight increasing values of PaCO 2  with age [ 63 ]. 
Furthermore, vital capacity, together with oxygen 
saturation, in HA men decreases more with age 
than at SL [ 64 ]. 

 Whittembury and Monge-C [ 65 ] have also 
shown an inverse relationship between age and 
hematocrit at three different altitudes. They 
showed that as altitude increases the correlation 
is stronger. At moderate altitudes, however, the 
correlation gets weaker because of the small 
increase in Hct and the signifi cant variability of 
Hb concentration at high altitude. Later, Sime 
and coworkers [ 66 ] at Morococha at 4,540 m 
showed a very good correlation between venti-
lation, Hct, and age. They showed clearly at this 
altitude that as age increases, ventilation falls 
and Hct rises. However, this correlation does not 
imply that all people that age at HA will develop 
CMS but reveals that age is an important risk 
factor. This picture becomes clear when the 
effect of age on the prevalence of EE and CMS 
is investigated. Monge and coworkers [ 67 ] and 
Leon-Velarde and Arregui [ 68 ] have shown that 
the prevalence of EE and CMS clearly increases 
with age. For example, in the age range of 20–29 
years, the prevalence of EE is about 7 %, while 
in the age group of 50–59 years and over 60 
years, the prevalence is about 15 % and 27 %, 
respectively. 

 Vargas and Spielvogel [ 69 ], by studying 
young (mean age 22.3 years) and old (mean age 
46.7 years) CMS patients and healthy young and 
old controls (mean age 22 years and 43.5 years, 
respectively) in La Paz, Bolivia, suggested that 
lower PaO 2  and SaO 2  in the young CMS group 
compared to control groups is the result of an 
excessively reduced hypoxic ventilatory 
response, whereas hypoventilation and dimin-
ished lung function are responsible of lower 
blood saturation in the older CMS group. 

 In addition to the role played by age in the eti-
ology of CMS, other additional factors such as 
ethnicity [ 70 ,  71 ], ventilation–perfusion mis-
match [ 28 ,  72 ], and obesity [ 64 ,  68 ] might be 
involved in the development of CMS. 

 A fall in blood O 2  saturation produced dur-
ing sleep at HA has also been considered a risk 
factor that contributes to EE [ 73 – 75 ]. It has 
been suggested that sleep disturbances of vari-
ous types, including sleep apneas and hypop-
neas, might contribute to nighttime desaturation. 
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However, studies of sleep at HA in the Andes 
have shown that there are no major sleep abnor-
malities in CMS patients [ 74 ,  75 ]. Simple and 
occasional hypopneas were the most frequent 
abnormalities found, but these were equally 
 frequent in CMS and healthy highlanders. 
Interestingly, SaO 2  values in the CMS group 
were consistently around or below 80 % during 
the entire night period, whereas in the healthy 
highlander group, O 2  saturation was above 80 % 
most of the time [ 75 ]. The O 2  saturation differ-
ence between groups was moderate, in the range 
of 3 %. However, nighttime saturation showed a 
signifi cant correlation with Epo levels during 
the morning, indicating that these relatively 
small changes could have contributed to EE.  

    CMS in Women: Gender Differences 
 Some years ago, CMS was considered an almost 
exclusively male condition, since little was then 
known about its prevalence and associated risk 
factors in women. Premenstrual women have 
been thought to be protected because female hor-
mones, progestin and estrogen, increase alveolar 
ventilation and the hypoxic ventilatory response 
[ 76 ]. In addition low concentrations of andro-
genic hormones may reduce this stimulus to 
erythropoiesis [ 77 ]. Menstruation like phlebot-
omy may protect premenopausal women from 
developing EE, and any associated iron defi -
ciency would act similarly. Unfortunately, no 
data are available to shed light on these 
possibilities. 

 León-Velarde et al. [ 78 ] measured Hct, SaO 2 , 
and peak expiratory fl ow rates (PEFR) in pre- 
and postmenopausal high-altitude women. After 
menopause women have higher Hct, lower SaO 2  
and lower PEFR, and, signifi cantly, a higher fre-
quency of symptoms associated with CMS. 
   Premenopausal women resident at high altitude 
have higher oxygenation and lower [Hb] levels, 
likely from the ventilatory stimulation of higher 
levels of progesterone in the luteal phase of the 
menstrual cycle [ 79 ] as well as in pregnancy, in 
combination with rising estrogen [ 80 ,  81 ]. In rats, 
female sex hormones suppress the erythropoietic 
and cardiopulmonary responses during chronic 
exposure to hypoxia [ 77 ]. The postmenopausal 

decrease of female hormones could depress 
 alveolar ventilation and PaO 2 , stimulate erythro-
poiesis, increase viscosity, decrease tissue perfu-
sion, and lead to further erythrocytosis and, 
ultimately, CMS. Santolaya and coworkers [ 82 ] 
have also shown in women of 55 years of age or 
older that PaO 2  values were below those of age-
matched men living at the same altitude. Arterial 
PCO 2  showed a sharp rise after age 40, reaching 
values similar to or above those of men. These 
observations support the notion that ventilatory 
drive in women has an important hormonal 
 component and that this stimulus decreases after 
menopause.  

    CMS and Metals 
 Cellular studies have shown a possible effect of 
certain divalent metals, such as cobalt, zinc, and 
nickel to enhance erythropoiesis [ 83 ] by stimula-
tion of erythropoietin (Epo) expression via inhi-
bition of enzymes that enhance degradation of 
the hypoxia-inducible transcription factors, HIF 
prolyl, and asparaginyl hydroxylases [ 84 ]. There 
is a concern about the possible role of contamina-
tion by metals in CMS, particularly in cities with 
high mining activity. 

 A study carried out in Cerro de Pasco in the 
central Andes of Peru found that elevated serum 
levels of cobalt were associated with EE [ 47 ]. 
52 % of the subjects with an average Hct of 76 % 
had serum cobalt concentrations at least ten times 
higher than healthy subjects. Given that cobalt 
induces the expression of Epo and promote eryth-
ropoiesis, the authors suggested a cause–effect 
relationship between cobalt and EE with drinking 
water as a possible source of contamination. 
However, cobalt was not detected in water 
 samples taken from the city reservoirs. 
Unfortunately, this study did not report serum 
Epo values. A later study [ 55 ] carried out in the 
same population showed that serum cobalt values 
were normal in healthy and CMS individuals and 
that there was a poor correlation with hemato-
logic variables. Nevertheless, it should be noted 
that the burden and toxicity of metals is better 
assessed by tissue samples or urinary excretion. 
Unfortunately, none of the studies mentioned 
above analyzed tissue or urine samples. 

F. León-Velarde et al.



437

Although evidence at the cellular level, and in 
vivo, in animals and humans, is compelling [ 85 –
 89 ], direct evidence is still needed for the role of 
cobalt on the development of EE and CMS in 
high-altitude populations. 

 Recently, Villafuerte and coworkers [ 90 ] 
found that levels of copper and lead in the blood 
of healthy highlanders and CMS patients were 
within the normal range and there was no differ-
ence between the CMS and the control group. 
They found that serum levels of zinc have a sig-
nifi cant positive correlation with Hct and are 
higher in residents with CMS. This correlation, 
however, occurs within the physiological zinc 
concentration range, with only few participants 
having values above normal. Although, cellular 
studies have shown that zinc can stimulate the 
HIF system and cause increased Epo production, 
serum Epo concentration values in healthy and 
CMS highlanders are similar. Thus, at present, 
we cannot infer a cause–effect relationship 
between increasing levels of zinc within the 
physiological range and Hct. 

 It would be logical that the association 
between increasing serum zinc levels within the 
physiological range and increasing Hct could be 
a consequence of Hct itself on circulating zinc 
concentration. Bernal and coworkers [ 91 ] have 
shown that hypoxia mediates release of intracel-
lular zinc stores in the pulmonary circulation due 
to the action of hypoxia-induced production of 
nitric oxide (NO) on metallothionein to cause the 
release of bound zinc. By binding and releasing 
zinc, metallothionein may regulate zinc levels 
within the body. Not only does hypoxia directly 
cause an increase in the biosynthesis of NO in 
pulmonary vessels [ 91 ], but the shear stress 
caused by high Hct induces expression of eNOS 
and production of NO [ 48 ].    

    Organ Effects of CMS 

    Kidney Function 

 HA erythrocytosis results in elevated Hct and 
plasma volume contraction [ 33 ,  92 ,  93 ], yielding a 
negative correlation between these parameters in 

HA natives [ 94 ,  95 ]. Lozano and Monge [ 94 ] 
showed a reduced effective renal plasma fl ow 
(ERPF) and glomerular fi ltration rate (GFR) with 
increased fi ltration fraction (FF) in healthy high-
landers. Differences in total renal blood fl ow were 
not signifi cant. The reduction in GFR and ERPF 
and the increase in FF were greater in CMS 
patients. The study also showed a positive correla-
tion between Hct and FF. 

 Given that HA erythrocytosis is accompa-
nied by hypoxemia, Gonzales and coworkers 
[ 96 ] studied renal hemodynamics in a group of 
highlanders at high altitude (Morococha, 
4,500 m), and 24 h and 30 days after their 
arrival to Lima (sea level) and confi rmed 
decreased GFR and ERPF at HA, but also 
showed that after 24 h at SL values remained 
unchanged. This fi nding suggested that hypox-
emia was not responsible for the hemodynamic 
changes found at high altitude and that Hct was 
a major determinant. In contrast, after 30 days 
in Lima, hemodynamic parameters decreased to 
almost SL values and so did Hct, showing that 
the alterations of renal hemodynamics observed 
at HA are totally reversible when Hct reaches 
SL values. 

 Renal tubular function at HA was studied by 
Monge and coworkers [ 97 ] in healthy lowland-
ers, healthy highlanders, and CMS patients. The 
study showed that healthy highlanders are in a 
new steady state of acid–base equilibrium with 
low PaCO 2  and normal bicarbonate tubular reab-
sorption. CMS patients have a higher maximal 
transport rate of bicarbonate because of their 
higher PaCO 2 , which is known to act as a stimu-
lus for bicarbonate reabsorption. 

 Early observations by Monge-M and 
Monge-C found proteinuria in some CMS 
patients [ 5 ]. Rennie and coworkers [ 98 ] studied 
SL natives (Lima) and in high-altitude natives at 
two different altitudes (4,650 and 4,710 m). 
Urinary protein excretion rate, although within 
normal limits, was higher in HA natives. 
Creatinine clearance was lower at the highest 
altitude, and this population also had the highest 
Hct values. Proteinemia and the excretion of 
strong electrolytes were similar in the three 
groups. 
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 Jefferson and colleagues [ 41 ] found signifi cant 
proteinuria in CMS patients and elevated serum 
urate strongly correlated with Hct values. 
Uricemia is most probably the consequence of 
increased urate production and a normal frac-
tional excretion. The study also showed signifi -
cant higher blood pressure in the CMS group 
associated with decreased renin levels and 
increased proximal sodium reabsorption.  

    Excessive Erythrocytosis and 
Pulmonary Artery Pressure 

 Hypoxic vascular remodeling and pulmonary 
vasoconstriction lead to HAPH. In CMS, HAHP 
may be aggravated by EE due to increased blood 
viscosity and increased nitric oxide scavenging 
due to excessive [Hb] [ 99 ]. In some cases how-
ever, excessive HAPH can occur without EE, 
suggestive of particularly strong vascular remod-
eling and excessive vasoconstrictor response to 
hypoxemia. The possible contribution of exces-
sively elevated Hct on pulmonary artery pressure 
(PAP) in CMS was studied using isovolemic 
hemodilution. Winslow and coworkers [ 29 ,  33 ] 
have shown that decreasing Hct from 62 % to 
42 % reduces symptomatology and lowers PAP 
by 40 % at 4,300 m. PAP continued to decrease 
days after the procedure. Hct reduction was also 
accompanied by an increase in ventilation, and 
besides the positive effect of this on alveolar PO 2 , 
hypocapnia also developed. Given that hypocap-
nia decreases PAP, it is possible that greater 
hypocapnia contributed to the sustained fall in 
PAP. Manier and collaborators [ 28 ] observed a 
20 % decrease in pulmonary vascular resistance 
and a smaller decrease in PAP (8 %, but not sig-
nifi cant) after performing less aggressive isovole-
mic hemodilution than Winslow et al. in reducing 
Hct from 66 % to 55 % in 7 CMS patients in La 
Paz, Bolivia, at 3,600 m. 

 It has been suggested that iron status might 
also play a role in pulmonary hypertension in 
CMS. Recently, Smith et al. [ 100 ] showed that 
isovolemic phlebotomy (2 L within 4 days to 
reduce Hct from 73 % to 59 %) and the conse-
quent reduction of iron availability resulted in an 

increase (11 % on day 5 and a maximum of 29 % 
over the following 7 days) rather than a decrease 
in PAP in CMS patients at 4,300 m. This effect, 
which was evident over several weeks, is consis-
tent with the pulmonary sequelae of acute iron 
chelation [ 101 ,  102 ]. However, post-phlebotomy, 
infusion of iron did not lower the elevated PAP, at 
least in the time frame of the study. The rise of 
PAP after isovolemic hemodilution is contrary to 
what should be expected from the reduction of 
blood viscosity and pulmonary vascular 
 resistance. However, it is possible that iron defi -
ciency effects in the Winslow et al. and Manier 
et al. studies were masked by the effects of hypo-
capnia on PAP [ 103 ] or a rise in cardiac output. 
Unfortunately, no measurements of iron status 
were made in these studies in order to make a 
proper comparison. Iron status in CMS patients 
in the study by Smith et al. was within the normal 
range, implying that the greater PAP of the CMS 
group would not be a consequence of iron defi -
ciency due to EE. Further studies are required to 
elucidate the role of iron in pulmonary hyperten-
sion in CMS patients.  

    Endocrine Function and CMS 

 Thyroid status could be important in CMS 
because thyroxine increases ventilation and Hct. 
Pretell [ 104 ] showed that thyroid function (as 
assessed by T4) in healthy young HA males was 
the same as that at SL but declined with age with 
an inverse relationship with Hct. In CMS, T4 was 
low and TSH and the T3/T4 ratio were high. 
Although iodine defi ciency was found in a large 
percentage of the population, these fi ndings were 
also seen in HA natives without iodine defi ciency. 
They concluded that thyroid function is lower at 
HA and more severely depressed in cases of CMS. 
These changes were reversible upon descent to 
sea level [ 105 ]. However, Gonzales and cowork-
ers [ 50 ] did not fi nd an association between CMS 
and thyroid function. No additional studies have 
been carried out in order to have a better explana-
tion for these contradictory fi ndings. 

 Patients with CMS at 4,300 m have a lower 
urinary excretion of androgenic hormones after 
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the administration of human chorionic gonado-
tropin, which was not found in normal HA natives 
[ 106 ]. Aldosterone has a normal increase with 
orthostatic challenge in high- altitude natives, but 
the response is impaired in patients with CMS 
[ 107 ]. These patients also have a decreased 
plasma cortisol response to ACTH when com-
pared to normal natives [ 108 ]. It has been shown 
that plasma aldosterone correlates with changes 
in arterial pH in hypoxic COPD patients and 
appears to be related to changes in hypoxia-
induced rise in pH, as could be the case in CMS 
patients [ 109 ]. The decreased plasma cortisol 
response to ACTH when compared to normal 
natives still awaits a plausible explanation. 

 Sex hormones seem to play a role in the devel-
opment of EE in women (see CMS and women), 
and recently, elevated serum levels of 17-alpha- 
hydroxyprogesterone and testosterone and lower 
concentration of dehydroepiandrosterone sulfate 
(DHEAS) have been reported in HA Peruvian 
males with EE [ 50 ], indicating a high androgenic 
activity in CMS.  

    Autonomic Nervous System 
and Cerebral Hemodynamics 

 Altitude exposure is associated with an increase 
in sympathetic activity, the extent of which 
depends on the genetic background, the altitude, 
the rate of ascent, and the time at altitude [ 110 ]. 
CMS subjects show a reduced response to stimu-
lation of peripheral chemoreceptors, as well as a 
reduction in the barorefl ex control of heart rate 
and blood pressure [ 55 ,  110 ]. The decreased 
barorefl ex control is directly correlated with 
CMS score and [Hb]. These fi ndings are inter-
preted as suggestive of a functional, reversible 
central depression rather than of the presence of 
an organic dysautonomia in CMS. At the level of 
peripheral vasculature and blood pressure regula-
tion, responses of forearm vascular resistance to 
carotid baroreceptor stimulation in HA residents 
with and without CMS, both at their altitude of 
residence and shortly after descent to SL, showed 
that the barorefl ex “set point” was higher in CMS 

at altitude, whereas at SL  values were similar 
[ 111 ,  112 ]. 

 Cerebral circulation normally shows effi cient 
autoregulation to minimize the effect on fl ow 
changes in cerebral perfusion pressure. 
Autoregulation as assessed from the correlation 
between fl ow and pressure during orthostatic 
stress shows impairment in CMS patients [ 111 ]. 
These fi ndings accord with another study that 
found reduced cerebrovascular sensitivity to CO 2  
in the presence of hypobaric hypoxia in subjects 
with CMS [ 113 ]. 

 As for cerebrovascular responses to hypoxia 
and hypercapnia, CMS subjects respond simi-
larly to controls, although in both groups at alti-
tude the sensitivity of the cerebral circulation to 
hypoxia is less than that in SL residents. Shortly 
after descent to SL, however, sensitivity increases, 
and sensitivity to hypercapnia during hypoxia 
decreases [ 114 ]. Unlike Andean natives, 
Ethiopians, a population where CMS has not 
been reported, show effi cient cerebral circulation 
autoregulation. This, together with their increased 
P ET CO 2 , may lead to higher cerebral blood fl ow 
and may be advantageous for life at HA [ 115 ].   

    Genetics of CMS 

 If there is a genetic component in CMS, the obvi-
ous candidate genes seem to be those involved in 
key components in the cardiopulmonary system 
and metabolic effi ciency that are sensitive to 
hypoxia, i.e., genes known to be regulated by HIF 
and/or by hypoxia. Some alleles of HIF- 
responsive genes are more prevalent (G allele of 
eNOS polymorphism Glu298Asp in Sherpas and 
ACE I allele in HA Kyrgyz) or less prevalent 
(ACE D allele in HA Andeans) in the different 
HA populations, but no different prevalence of 
these alleles has been found in CMS patients 
[ 116 ]. 

 The discovery of HIF has been a great step 
forward in our understanding of responses to 
hypoxia (see Chaps.   1     and   2    ). HIF is a transcrip-
tion factor which is a key regulator of oxygen 
homeostasis, and in addition to Epo, 
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 HIF- responsive genes include regulators of cel-
lular energy metabolism, iron metabolism, cate-
cholamine metabolism, vasomotor control, and 
angiogenesis, suggesting an important role in the 
coordination of oxygen supply and cellular 
metabolism [ 84 ]. Modifi cations within the HIF 
pathway may give rise to the differing responses 
of normal humans to hypoxia. Appenzeller and 
coworkers [ 117 ] found a correlation between the 
high levels of expression of several genes includ-
ing HIF, symptoms at HA, and CMS. The failure 
of these values to normalize at low altitudes may 
indicate the alterations in regulators of HIF-α 
subunit, resulting in higher levels in the absence 
of hypoxia stimulus. However, Mejia et al. [ 118 ] 
found no evidence of association with genetic 
markers located in close proximity to HIF-1α 
gene and to genes that regulate its stabilization 
and degradation, such as von Hippel–Lindau 
(VHL), “prolyl hydroxylase domain containing” 
1, 2, 3 ( PHD1 ,  PHD2 , PHD3), and phosphatase 
and tensin homologue deleted on chromosome 
ten ( PTEN ) in CMS and high- altitude controls. 

 GWADS revealed eight single-nucleotide 
polymorphisms (SNPs) located near  EPAS1 , a 
member of the HIF family of transcription factors 
that encodes HIF2α [ 19 ]. Moreover, a candidate 
gene analysis of  EPAS1  conducted on two inde-
pendent cohorts of highlanders determined that 
genotype had a large effect on phenotype; i.e., the 
difference in [Hb] between the genotypes was 
0.8 g/dL, which was related with being a Tibetan, 
having a lower [Hb] and being better adapted to 
HA [ 19 ]. CMS should wait for these type of stud-
ies, in order to be able to determine if polymor-
phic variations in HIF2α (EPAS1) might 
contribute to the high [Hb] characteristic of CMS 
and, thus, to the poor adaption to high altitude of 
these subjects. These studies raise indeed the 
possibility that these polymorphic variations in 
HIF2α might contribute to the marked differen-
tial susceptibility to erythrocytosis, reduced 
plasma volume, and pulmonary hypertension in 
humans at HA. 

 In CMS, serum Epo levels are variable, but in 
patients with very high Hct values, Epo is usually 
high [ 51 ]. Mejía et al. [ 118 ] performed a genetic 

association analysis including Epo and Epo- 
receptor (EpoR) genes as functional candidate 
genes from cell lines derived from the high- 
altitude natives. There were no variations in the 
coding sequences, intron/exon boundaries, or in 
any regulatory domain. The association between 
the polymorphisms linked to Epo and EpoR and 
erythrocytosis failed to show evidence of a major 
monogenic contribution of the loci tested to EE 
in CMS. This seems to indicate that the excessive 
erythropoiesis might be caused by factors other 
than changes in the Epo gene, perhaps in post- 
receptor Epo signaling pathways or alterations in 
the sensitivity to Epo caused by changes in the 
abundance of soluble EpoR. 

 VEGF, another HIF-responsive gene product, 
with effects on vascular and other tissues was 
studied by Appenzeller et al. [ 117 ]. They found 
that VEGF165 subunits (but not VEGF121) were 
signifi cantly more expressed in native CMS 
patients at 4,300 m compared to controls. 
VEGF165 was negatively correlated with arterial 
saturation in CMS patients. The authors sug-
gested that these fi ndings could be related to 
VEGF angiogenic effects or to a possible neuro-
protective role, as shown in several neurodegen-
erative diseases [ 119 ]. 

 Hypoxia-related gene expression was signifi -
cantly higher in Ethiopian highlanders at their 
native altitude compared to Andean and 
Himalayan highlanders at their resident alti-
tudes and immediately after descent to low 
 altitude [ 120 ]. Of note, normoxic (794 m) 
Ethiopians and normoxic Himalayan controls 
showed no effect on expression levels except for 
upregulation of PDP1 (phosphatase that dephos-
phorylates the E1 alpha subunit of pyruvate 
dehydrogenase). Conversely, in Peruvians, in 
Lima (normoxia), signifi cant increases were 
found in many genes, except for HIF prolyl 
hydroxylases 1 and 2 and Epo, which were 
downregulated. Upregulation of pyruvate dehy-
drogenase kinases (PDK1, PDK2) related to 
“aerobic glycolysis,” which favors lactate accu-
mulation in the presence of hypoxia and reduces 
free radical formation, was signifi cantly higher 
in Ethiopians in hypoxia than in Peruvians at 
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their native altitude, suggesting that Andean 
 tissues were less adapted to hypoxia. PDP2 was 
highly predictive of CMS scores in the Andes and 
Himalayas, suggesting that pyruvate metabolism, 
heavily dependent on PDP2, is disturbed in this 
disease. This reinforces the proposition that 
decreased expression of some mitochondrial genes 
in response to hypoxia might be important in the 
pathogenesis of CMS. 

 Expression of hypoxia-responsive genes was 
compared in children of Andean highlanders from 
Perú, with and without CMS and in SL controls, 
seeking markers that might predict the develop-
ment of CMS later in adulthood [ 121 ]. Gene 
expression was assessed at HA and then immedi-
ately after arrival at SL. HA children showed 
higher expression of genes regulated by HIF and 
lower levels of those involved in glycolysis and in 
the TCA cycle. PDK1 and HPH3 mRNA expres-
sion were lowest in children of CMS fathers at alti-
tude. At SL the pattern of gene expression in all 
groups was similar. The molecular signatures of 
children of CMS patients showed a pattern 
 suggestive of impaired adaptation to hypoxia. 
At altitude children of CMS had defective  coupling 
between glycolysis and mitochondrial respiration, 

which may be a key mechanism/ biomarker for 
adult CMS. If confi rmed by further studies, these 
fi ndings may pave the way for early screening of 
CMS susceptibility in Andeans, with obvious pub-
lic health impact.  

    Treatment and Prevention 

    Treatment 

 There are several potential targets in the 
 pathophysiological sequence of CMS that are 
potentially amenable to modifi cation through 
non-pharmacological and pharmacological inter-
ventions (Fig.  22.1 ). In brief, these aim to lower 
Hct by descent to lower altitudes or  phlebotomy, 
by inhibiting directly the erythropoietic response 
to reduce the red cell mass and thus blood hyper-
viscosity or by stimulating the hypoxic ventila-
tory response with pharmacologic agents.

   Descent to low altitudes is the ideal  treatment 
and leads to prompt improvement of signs and 
symptoms and reduction of EE. However, very 
often patients cannot descend for economic, per-
sonal, and family reasons. 

  Fig. 22.1    Pathophysiology of CMS and the effects of acetazolamide and other pharmacological agents. Reproduced 
from reference [ 130 ] with Elsevier permission       
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 Although used for a long time, there are no 
clinical trials on the effi cacy and safety of phle-
botomy with or without isovolemic hemodilu-
tion. Diffi culties that render it problematic 
include invasiveness, practicality, acceptance, 
and transient effects. Isovolemic hemodilution is 
said to be much better tolerated, as it may avoid 
hypovolemia and cardiovascular collapse [ 122 ]. 

 A variety of agents that include angiotensin- 
converting enzyme (ACE) inhibitors, methylxan-
thines, adrenergic blockers and dopaminergic 
antagonists, medroxyprogesterone, and periph-
eral chemoreceptor stimulants such as almitrine, 
basically experimental, have not been rigorously 
tested in carefully designed randomized con-
trolled trials. For further details on these thera-
peutic options, the reader is referred to a recent 
comprehensive review [ 123 ]. 

 Enalapril, an ACE inhibitor, was studied in a 
small open randomized controlled trial in 26 
Bolivian natives with altitude erythrocytosis (Hct 
equal or above 55 %) and persistent proteinuria 
[ 124 ] because earlier studies have shown that 
ACE inhibitors suppress the normal response of 
the kidneys to anemia and hypoxemia. Although 
Hct and proteinuria were signifi cantly reduced 
over 2 years of follow-up, there are several meth-
odological concerns in this trial, including small 
sample size and lack of blinding to assess quality 
of life improvements in an unbiased fashion. 
Enrolled subjects had lower Hct values than those 
included in other studies in Peru. Although renal 
dysfunction has been described in CMS patients, 
the proportion of those with persistent protein-
uria is not known, and it may have been a source 
of selection bias. 

 Acetazolamide (ACZ), a widely used carbonic 
anhydrase inhibitor, has been studied in random-
ized, placebo-controlled trials in the Peruvian 
Andes [ 35 ,  39 ]. Although the fi rst study included 
a relatively small number of subjects and 3 weeks 
of follow-up, the second one  followed patients for 
up to 6 months. They showed effective reductions 
in Hct along with better arterial oxygenation, car-
diac output, and reduction in  pulmonary vascular 
resistance and PAP. The possible reasons for the 
success of ACZ include its well-known ventilatory 

stimulant effects to improve oxygenation, particu-
larly during sleep at HA, and so reduce the stimu-
lus for Epo production [ 125 ], as well as recent 
studies showing that ACZ reduces hypoxic pul-
monary vasoconstriction [ 126 ]. 

 Due to the chronic relapsing nature of CMS, it 
is clear that both enalapril and ACZ need further 
large non-inferiority clinical trials that assess 
their comparative effi cacy on physiological 
parameters, quality of life, and ideally on mortal-
ity with several years of follow-up.  

    Prevention 

 Effective prevention of CMS will require a better 
understanding of the pathophysiology and genet-
ics of the disease, including such aspects as 
 epigenetic infl uences and environmental modify-
ing factors. Further knowledge of why certain 
HA populations and individuals have different 
prevalence of CMS [ 11 ], possibly by screening 
with reliable genetic markers [ 121 ], will aid in 
designing prevention and treatment interven-
tions. An emphasis on early prenatal or postnatal 
exposures (e.g., prematurity, placental insuffi -
ciency, maternal exposures) that may modify 
gene expression [ 127 ] and therefore the risk of 
developing CMS later in life is surely needed. 
Until this knowledge becomes available, modifi -
cation of life styles (including even living at 
lower altitudes if possible), dietary habits, weight 
control, and reduction of indoor and outdoor 
exposures (e.g., tobacco smoking, cooking fuels, 
heavy metals), while not well studied, seem logi-
cal interventions. However, before recommend-
ing full-scale implementation of preventative 
measures, rigorous well-designed cohort studies 
will be particularly important.   

    Conclusions 

 CMS is a multifactorial condition characterized 
by excessive hypoxemia and erythrocytosis, 
leading to characteristic signs and debilitating 
symptoms. Studies in HA Andean natives show 
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an age-related decline in ventilation. Therefore, 
a failure of the hyperventilatory capacity and/or 
ineffi cient oxygenation of the blood may be the 
underlying pathophysiological cause of exces-
sive hypoxemia. When the hypoxemic condition 
is severe, it is accompanied by pulmonary arte-
rial hypertension, leading in advanced cases to 
right heart failure. Epidemiological studies, and 
the search for risk factors, confi rm the presence 
of a number of underlying pathophysiological 
factors in CMS. Most of them are present in 
lesser degrees in apparently normal HA natives 
and are more prominent in those with the clini-
cal picture of CMS. 

 This condition, and the fact that other HA 
adapted mammalian species do not develop simi-
lar features of CMS [ 128 ], shows the lack of 
adaptation of some human populations to life at 
high altitudes. The absence of CMS in animal 
species native to HA is related to several adapta-
tions, not only of the oxygen transport chain but 
also of the pulmonary circulation and cellular 
mechanisms. Species adapted to HA do not have 
attenuated respiratory sensitivity to acute hypoxia, 
hypertrophied peripheral chemoreceptors, pul-
monary vasoconstriction, right ventricular hyper-
trophy, or increased Hct. High hemoglobin–oxygen 
affi nity is the most typical genetic adaptation in 
high-altitude mammals, birds, and amphibians 
[ 33 ,  128 ], perhaps by allowing for greater O 2  
uptake by the lungs at an equivalent Hct in the 
face of lowered ambient oxygen availability. 

 In regard to genetic studies, they have given 
us a clue about the contribution of gene expres-
sion to the emergence and progress of CMS, but 
published results to date are not entirely consis-
tent. The number of subjects used has been too 
small to allow defi nitive conclusions, most 
likely, because CMS is polygenic and thus sev-
eral genes account for small changes in risk. 
More powerful approaches such as genome-wide 
association studies are needed to tackle these 
problems. Gene–gene or gene–environment 
interactions should also be taken into account 
in the search for a genetic cause of these 
 high-altitude  diseases. The genetic background 
of the populations is so vast that the fi ndings 

could represent also genetic markers for other 
susceptibilities, irrespective of its effects on the 
downstream effectors in the suspected systems 
affected by CMS and/or HAPH.  

    Future Directions 

 Future studies should address some of the ques-
tions discussed in this chapter. There is great 
variability in susceptibility to CMS; thus, one of 
the challenges is to explain not only the causes 
for its signs and symptoms but also why at any 
given altitude some individuals are more likely to 
develop CMS than others. In addition to the 
physiological variables that could lead to the 
pathophysiological sequence of CMS, other etio-
logic factors, of genetic origin, must also be con-
sidered. Studies at the molecular level looking for 
the genetic and molecular basis of the disease, 
i.e., variability in HVR, HCVR, and HPV and 
sensitivity to Epo, should be pursued. 
Furthermore, studies should be undertaken at the 
microvascular level to understand O 2  distribution 
in vessels of various sizes and the distribution of 
Hct and viscosity in these vessels, as possible 
contributors to the symptoms of the disease and 
its progression.    Future clinical trials must include 
adequate randomization, inclusion of large 
 representative patient cohorts, assessment of 
washout and withdrawal effects, selection of 
 relevant clinical and nonclinical outcomes, long-
term follow- up, compliance, concomitant therapy, 
intention-to-treat-analysis, and safe.     

   References 

    1.      Monge-M C, Sobre un caso de Enfermedad de 
Vaquez, In: Comunicacion presentada a la Academia 
Nacional de Medicina. 1925: Lima. Reimpresa en: 
Carlos Monge, Obras Vol 2. D. Bigio, Editor. 1988, 
CONCYTEC: Lima. p. 571–577.  

      2.      Monge-M C, La enfermedad de los Andes, in Anales 
de la Facultad de Medicina. 1928, Universidad de 
Lima. Carlos Monge, editor: Lima. p. 1–309.  

    3.    Leon-Velarde F, Maggiorini M, Reeves JT, et al. 
Consensus statement on chronic and subacute high 
altitude diseases. High Alt Med Biol. 2005;6: 147–57.  

22 Chronic Mountain Sickness



444

     4.    Monge CC, Leon-Velarde F, Arregui A. Chronic 
mountain sickness. In: Lenfant C, editor. High alti-
tude. An exploration of human adaptation. New 
York: Marcel Dekker; 2001. p. 815–38.  

      5.    Monge-M C, Monge-C C. High altitude disease: 
mechanism and management. Springfi eld, IL: 
Charles C. Thomas; 1966.  

     6.    Monge CC, León-Velarde F. El Reto Fisiológico de 
Vivir en los Andes. Lima: IFEA, UPCH; 2003.  

    7.    Wu TY, Li W, Li Y, et al. Epidemiology of chronic 
mountain sickness: ten years study in Quingai-Tibet. 
In: Ohno H, Kobayashi K, Masuyama S, Nakashima 
M, Matsumoto M, editors. Progress in mountain 
medicine and high altitude physiology. Matsumoto: 
Press Committee of the Third World Congress; 
1998.  

     8.    Leon-Velarde F, Arregui A, Vargas M, et al. Chronic 
mountain sickness and chronic lower respiratory 
tract disorders. Chest. 1994;106:151–5.  

    9.    Wu TY, Zhang Q, Jin B, et al. Chronic mountain 
sickness (Monge’s disease). An observation in 
Quingai-Tibet plateau. In: Ueda G, editor. High alti-
tude medicine. Matsumoto, Japan: Shinshu 
University Press; 1992. p. 314–24.  

      10.    Beall CM, Decker MJ, Brittenham GM, et al. An 
Ethiopian pattern of human adaptation to high- 
altitude hypoxia. Proc Natl Acad Sci U S A. 2002; 
99:17215–8.  

    11.    Beall CM. Andean, Tibetan and Ethiopian patterns 
of adaptation to high-altitude hypoxia. Integr Comp 
Biol. 2006;46:18–24.  

     12.    Beall CM, Strohl KP, Blangero J, et al. Ventilation 
and hypoxic ventilatory response of Tibetan and 
Aymara high altitude natives. Am J Phys Anthropol. 
1997;104:427–47.  

    13.    Groves BM, Droma T, Sutton JR, et al. Minimal 
hypoxic pulmonary hypertension in normal Tibetans 
at 3,658 m. J Appl Physiol. 1993;74:312–8.  

    14.    Gupta ML, Rao KS, Anand IS, et al. Lack of smooth 
muscle in the small pulmonary arteries of the native 
Ladakhi. Is the Himalayan highlander adapted? Am 
Rev Respir Dis. 1992;145:1201–4.  

     15.    Beall CM, Brittenham GM, Strohl KP, et al. 
Hemoglobin concentration of high-altitude Tibetans 
and Bolivian Aymara. Am J Phys Anthropol. 
1998;106:385–400.  

       16.    Winslow RM, Chapman KW, Gibson CC, et al. 
Different hematologic responses to hypoxia in 
Sherpas and Quechua Indians. J Appl Physiol. 1989; 
66:1561–9.  

    17.    Moore LG. Comparative human ventilatory adapta-
tion to high altitude. Respir Physiol. 2000;121: 
257–76.  

    18.    Zhuang J, Droma T, Sun S, et al. Hypoxic ventilatory 
responsiveness in Tibetan compared with Han resi-
dents of 3,658 m. J Appl Physiol. 1993;74:303–11.  

      19.    Beall CM, Cavalleri GL, Deng L, et al. Natural selec-
tion on EPAS1 (HIF2alpha) associated with low 
hemoglobin concentration in Tibetan highlanders. 
Proc Natl Acad Sci U S A. 2010;107:11459–64.  

    20.    Leon-Velarde F, Richalet JP. Respiratory control in 
residents at high altitude: physiology and pathophys-
iology. High Alt Med Biol. 2006;7:125–37.  

    21.    Leon-Velarde F, Gamboa A, Rivera-Ch M, et al. 
Selected contribution: Peripheral chemorefl ex 
 function in high-altitude natives and patients with 
chronic mountain sickness. J Appl Physiol. 2003; 
94:1269–78. discussion 1253–4.  

     22.    Hurtado A. Chronic mountain sickness. JAMA. 1942; 
120:1278–83.  

    23.    Hurtado A. Some clinical aspects of life at high alti-
tudes. Ann Intern Med. 1960;53:247–58.  

    24.    Lahiri S, DeLaney RG, Brody JS, et al. Relative 
role of environmental and genetic factors in respira-
tory adaptation to high altitude. Nature. 1976;261: 
133–5.  

    25.    Severinghaus JW, Bainton CR, Carcelen A. 
Respiratory insensitivity to hypoxia in chronically 
hypoxic man. Respir Physiol. 1966;1:308–34.  

     26.    Fatemian M, Gamboa A, Leon-Velarde F, et al. 
Selected contribution: ventilatory response to CO 2  in 
high-altitude natives and patients with chronic 
mountain sickness. J Appl Physiol. 2003;94:1279–
87. discussion 1253–4.  

    27.    Pedersen ME, Fatemian M, Robbins PA. 
Identifi cation of fast and slow ventilatory responses 
to carbon dioxide under hypoxic and hyperoxic 
 conditions in humans. J Physiol. 1999;521(Pt 1): 
273–87.  

       28.    Manier G, Guenard H, Castaing Y, et al. Pulmonary 
gas exchange in Andean natives with excessive poly-
cythemia–effect of hemodilution. J Appl Physiol. 
1988;65:2107–17.  

       29.    Winslow RM, Monge CC, Brown EG, et al. Effects 
of hemodilution on O 2  transport in high-altitude 
polycythemia. J Appl Physiol. 1985;59:1495–502.  

     30.    Reeves JT, Leon-Velarde F. Chronic mountain sick-
ness: recent studies of the relationship between 
hemoglobin concentration and oxygen transport. 
High Alt Med Biol. 2004;5:147–55.  

     31.    Villafuerte FC, Cardenas R, Monge CC. Optimal 
hemoglobin concentration and high altitude: a theo-
retical approach for Andean men at rest. J Appl 
Physiol. 2004;96:1581–8.  

    32.    Cruz JC, Diaz C, Marticorena E, et al. Phlebotomy 
improves pulmonary gas exchange in chronic 
mountain polycythemia. Respiration. 1979;38:
305–13.  

       33.    Winslow RM, Monge CC. Hypoxia, polycythemia 
and chronic mountain sickness. Baltimore, MD: 
John Hopkins University Press; 1986.  

    34.      Monge CC. Hemoglobin regulation in hypoxemic 
polycythemia. Adjustments to high altitude. In 
International symposium on acclimatization, adapta-
tion, and tolerance to High Altitude. 1983: NIH, edi-
tor, Baltimore, MD.  

     35.    Monge CC. Regulacion de la concentracion de 
hemoglobina en la policitemia de altura: modelo 
matematico. Bull Inst Fr Etud Andines. 1990;19: 
455–67.  

F. León-Velarde et al.



445

      36.    Ergueta J, Spielvogel H, Cudkowicz L. Cardio- 
respiratory studies in chronic mountain sickness 
(Monge’s syndrome). Respiration. 1971;28: 
485–517.  

    37.    Penaloza D, Sime F. Chronic cor pulmonale due to 
loss of altitude acclimatization (chronic mountain 
sickness). Am J Med. 1971;50:728–43.  

     38.    Richalet JP, Rivera-Ch M, Maignan M, et al. 
Acetazolamide for Monge’s disease: effi ciency and 
tolerance of 6-month treatment. Am J Respir Crit 
Care Med. 2008;177:1370–6.  

     39.    Claydon VE, Norcliffe LJ, Moore JP, et al. Orthostatic 
tolerance and blood volumes in Andean high altitude 
dwellers. Exp Physiol. 2004;89:565–71.  

     40.    Peñaloza D, Sime F, Ruiz L. Cor pulmonale in 
chronic mountain sickness: present concept of 
Monge’s disease. In: Porter R, Knight J, editors. 
High altitude physiology: cardiac and respiratory 
aspects. Edinburgh: Churchill Livingstone; 1971. p. 
41–60.  

     41.    Jefferson JA, Escudero E, Hurtado ME, et al. 
Hyperuricemia, hypertension, and proteinuria asso-
ciated with high-altitude polycythemia. Am J Kidney 
Dis. 2002;39:1135–42.  

    42.    Richalet JP, Rivera M, Bouchet P, et al. Acetazolamide: 
a treatment for chronic mountain sickness. Am J 
Respir Crit Care Med. 2005;172: 1427–33.  

    43.    Saldan-a M, Arias-Stella J. Studies on the structure of 
the pulmonary trunk. III. The thickness of the media 
of the pulmonary trunk and ascending aorta in high 
altitude natives. Circulation. 1963;27:1101–4.  

   44.    Saldan-a M, Arias-Stella J. Studies on the structure of 
the pulmonary trunk. II. The evolution of the elastic 
confi guration of the pulmonary trunk in people 
native to high altitudes. Circulation. 1963;27: 
1094–100.  

    45.    Saldan-a M, Arias-Stella J. Studies on the structure of 
the pulmonary trunk. I. Normal changes in the elas-
tic confi guration of the human pulmonary trunk at 
different ages. Circulation. 1963;27:1086–93.  

     46.    Wagner KF, Katschinski DM, Hasegawa J, et al. 
Chronic inborn erythrocytosis leads to cardiac dys-
function and premature death in mice overexpress-
ing erythropoietin. Blood. 2001;97:536–42.  

     47.    Jefferson JA, Escudero E, Hurtado ME, et al. 
Excessive erythrocytosis, chronic mountain sick-
ness, and serum cobalt levels. Lancet. 
2002;359:407–8.  

     48.    Ruschitzka FT, Wenger RH, Stallmach T, et al. 
Nitric oxide prevents cardiovascular disease and 
determines survival in polyglobulic mice overex-
pressing erythropoietin. Proc Natl Acad Sci U S A. 
2000;97:11609–13.  

     49.    Dainiak N, Spielvogel H, Sorba S, et al. 
Erythropoietin and the polycythemia of high-altitude 
dwellers. Adv Exp Med Biol. 1989;271:17–21.  

     50.    Gonzales GF, Gasco M, Tapia V, et al. High serum 
testosterone levels are associated to excessive eryth-
rocytosis of Chronic Mountain Sickness in men. Am 
J Physiol Endocrinol Metab. 2009;296(6):E319–25.  

     51.    Leon-Velarde F, Monge CC, Vidal A, et al. Serum 
immunoreactive erythropoietin in high altitude 
natives with and without excessive erythrocytosis. 
Exp Hematol. 1991;19:257–60.  

     52.    Spivak JL. Erythropoietin: a brief review. Nephron. 
1989;52:289–94.  

    53.    Bozzini CE, Alippi RM, Barcelo AC, et al. The biol-
ogy of stress erythropoiesis and erythropoietin pro-
duction. Ann N Y Acad Sci. 1994;718:83–92. 
discussion 92–3.  

    54.    Haase VH. Hypoxic regulation of erythropoiesis and 
iron metabolism. Am J Physiol Renal Physiol. 
2010;299:F1–13.  

      55.    Bernardi L, Roach RC, Keyl C, et al. Ventilation, 
autonomic function, sleep and erythropoietin. 
Chronic mountain sickness of Andean natives. Adv 
Exp Med Biol. 2003;543:161–75.  

    56.    Wide L, Bengtsson C, Birgegard G. Circadian 
rhythm of erythropoietin in human serum. Br J 
Haematol. 1989;72:85–90.  

    57.    Naeher LP, Brauer M, Lipsett M, et al. Woodsmoke 
health effects: a review. Inhal Toxicol. 2007;19: 67–106.  

    58.    Fullerton DG, Bruce N, Gordon SB. Indoor air pol-
lution from biomass fuel smoke is a major health 
concern in the developing world. Trans R Soc Trop 
Med Hyg. 2008;102:843–51.  

    59.    Fullerton DG, Semple S. Air pollution and health: 
indoor air pollution in the developing world is the 
real key to reducing the burden of ill health. Thorax. 
2008;63:288. author reply 288.  

    60.    Chirinos A, Malpartida N, Matos C, et al. Exposure 
to indoor biomass fuel and to high altitude (4100m) 
on health status and Chronic Mountain Sickness: 
effect of consumption of maca. High Alt Med Biol. 
2010;11:A24.  

    61.    Loew PG, Thews G. The dependency of the arterial 
oxygen pressure on age in the working population. 
Klin Wochenschr. 1962;40:1093–8.  

     62.    Sorbini CA, Grassi V, Solinas E, et al. Arterial oxy-
gen tension in relation to age in healthy subjects. 
Respiration. 1968;25:3–13.  

    63.      Arai Y, Sherpa NK, Horie Y, et al., Arterial blood gas 
change with aging in Sherpa, in Progress in Mountain 
Medicine and High Altitude Physiology, Hideki 
Ohno, Toshio Kobayashi, Shigeru Nakashima, and 
Michiro Matsumoto, Editors. 1992, Press Committee 
of the 3rd World Congress in Mountain Medicine 
and High Altitude Physiology. Matsumoto, Japan.  

     64.    Leon-Velarde F, Arregui A, Monge C, et al. Aging at 
high altitudes and the risk of Chronic Mountain 
Sickness. J Wild Med. 1993;4:183–8.  

    65.    Whittembury J, Monge CC. High altitude, haemato-
crit and age. Nature. 1972;238:278–9.  

    66.    Sime F, Monge C, Whittembury J. Age as a cause of 
chronic mountain sickness (Monge’s disease). Int J 
Biometeorol. 1975;19:93–8.  

    67.    Monge CC, Leon-Velarde F, Arregui A. Increasing 
prevalence of excessive erythrocytosis with age 
among healthy high-altitude miners. N Engl J Med. 
1989;321:1271.  

22 Chronic Mountain Sickness



446

     68.    Leon-Velarde F, Arregui A. Desadaptacion a la vida 
en las grandes alturas. Lima: Institut français 
d’études andines (IFEA); 1994.  

    69.    Vargas E, Spielvogel H. Chronic mountain sickness, 
optimal hemoglobin, and heart disease. High Alt 
Med Biol. 2006;7:138–49.  

    70.    Moore LG. Human genetic adaptation to high alti-
tude. High Alt Med Biol. 2001;2:257–79.  

    71.   Moore LG, Niermeyer S, Zamudio S. Human adap-
tation to high altitude: regional and life-cycle 
 perspectives. Am J Phys Anthropol. 1998;Suppl 27: 
25–64.  

    72.    Kreuzer F, Tenney SM, Mithoefer JC, et al. Alveolar- 
arterial oxygen gradient in Andean natives at high 
altitude. J Appl Physiol. 1964;19:13–6.  

    73.    Kryger M, Weil J, Grover R. Chronic mountain 
polycythemia: a disorder of the regulation of breath-
ing during sleep? Chest. 1978;73:303–4.  

    74.    Normand H, Vargas E, Bordachar J, et al. Sleep 
apneas in high altitude residents (3,800 m). Int J 
Sports Med. 1992;13 Suppl 1:S40–2.  

      75.    Spicuzza L, Casiraghi N, Gamboa A, et al. Sleep- 
related hypoxaemia and excessive erythrocytosis in 
Andean high-altitude natives. Eur Respir J. 2004; 
23:41–6.  

    76.    Tatsumi K, Hannhart B, Moore LG. Hormonal infl u-
ences on ventilatory control. In: Dempsey JA, Pack 
AI, editors. Regulation of breathing. New York: 
Marcel Dekker, Inc.; 1995. p. 829–64.  

     77.    Ou LC, Sardella GL, Leiter JC, et al. Role of sex 
hormones in development of chronic mountain sick-
ness in rats. J Appl Physiol. 1994;77:427–33.  

    78.    Leon-Velarde F, Ramos MA, Hernandez JA, et al. 
The role of menopause in the development of chronic 
mountain sickness. Am J Physiol. 1997;272:R90–4.  

    79.    Leon-Velarde F, Rivera-Chira M, Tapia R, et al. 
Relationship of ovarian hormones to hypoxemia in 
women residents of 4,300 m. Am J Physiol Regul 
Integr Comp Physiol. 2001;280:R488–93.  

    80.    Goodland RL, Reynolds JG, Pommerenke WT. 
Alveolar carbon dioxide tension levels during preg-
nancy and early puerperium. J Clin Endocrinol 
Metab. 1954;14:522–30.  

    81.    Takano N, Sakai A, Iida Y. Analysis of alveolar 
PCO 2  control during the menstrual cycle. Pfl ugers 
Arch. 1981;390:56–62.  

    82.    Santolaya BR, Arraya CJ, Vecchiola DA, et al. Gases 
y pH en sangre arterial en 176 hombres y 162 
mujeres sanas trabajadores no mineros residentes a 
2899 mts de altura. Rev Hosp Roy H Glover. 
1982;2:7–18.  

    83.    Hirsila M, Koivunen P, Xu L, et al. Effect of desfer-
rioxamine and metals on the hydroxylases in the 
oxygen sensing pathway. FASEB J. 2005;19: 
1308–10.  

     84.    Semenza GL. Hydroxylation of HIF-1: oxygen sens-
ing at the molecular level. Physiology (Bethesda). 
2004;19:176–82.  

    85.      The mystery of the Quebec beer-drinkers’ cardiomy-
opathy. Can Med Assoc J, 1967. 97: p. 930–1.  

   86.    Goldberg MA, Dunning SP, Bunn HF. Regulation of 
the erythropoietin gene: evidence that the oxygen 
sensor is a heme protein. Science. 1988;242: 
1412–5.  

   87.    Saxena S, Shukla D, Saxena S, et al. Hypoxia pre-
conditioning by cobalt chloride enhances endurance 
performance and protects skeletal muscles from 
exercise-induced oxidative damage in rats. Acta 
Physiol (Oxf). 2010;200:249–63.  

   88.    Shrivastava K, Ram MS, Bansal A, et al. Cobalt 
supplementation promotes hypoxic tolerance and 
facilitates acclimatization to hypobaric hypoxia in 
rat brain. High Alt Med Biol. 2008;9:63–75.  

    89.    Shrivastava K, Shukla D, Bansal A, et al. 
Neuroprotective effect of cobalt chloride on hypo-
baric hypoxia-induced oxidative stress. Neurochem 
Int. 2008;52:368–75.  

    90.    Miranda LF, Macarlupu JL, Leon-Velarde F, et al. 
Elevated serum zinc levels and excessive erythrocy-
tosis. High Alt Med Biol. 2010;11:A91.  

     91.    Bernal PJ, Leelavanichkul K, Bauer E, et al. Nitric-
oxide- mediated zinc release contributes to hypoxic 
regulation of pulmonary vascular tone. Circ Res. 
2008;102:1575–83.  

    92.    Monge CC, Cazorla A, Whittembury G, et al. A 
description of the circulatory dynamics in the heart 
and lungs of people at sea level and at high altitude 
by means of the dye dilution technique. Acta Physiol 
Lat Am. 1955;5:198–210.  

    93.    Sanchez C, Merino C, Figallo M. Simultaneous 
measurement of plasma volume and cell mass in 
polycythemia of high altitude. J Appl Physiol. 
1970;28:775–8.  

     94.    Lozano R, Monge C. Renal function in high-altitude 
natives and in natives with chronic mountain sick-
ness. J Appl Physiol. 1965;20:1026–7.  

    95.    Monge CC, Lozano R, Marchena C, et al. Kidney 
function in the high-altitude native. Fed Proc. 
1969;28:1199–203.  

    96.    Gonzales E. Hemodinamica Renal en el Nativo de 
Altura estudiado a nivel del mar. Lima: Universidad 
Peruana Cayetano Heredia; 1971.  

    97.    Monge C, Lozano R, Carcelen A. Renal excretion of 
bicarbonate in high altitude natives and in natives 
with Chronic Mountain Sickness. J Clin Invest. 
1964;43:2303–9.  

    98.    Rennie D, Marticorena E, Monge C, et al. Urinary 
protein excretion in high-altitude residents. J Appl 
Physiol. 1971;31:257–9.  

    99.    Deem S, Swenson ER, Alberts MK, et al. Red-
blood- cell augmentation of hypoxic pulmonary 
vasoconstriction: hematocrit dependence and the 
importance of nitric oxide. Am J Respir Crit Care 
Med. 1998;157:1181–6.  

    100.    Smith TG, Talbot NP, Privat C, et al. Effects of iron 
supplementation and depletion on hypoxic pulmo-
nary hypertension: two randomized controlled trials. 
JAMA. 2009;302:1444–50.  

    101.    Balanos GM, Dorrington KL, Robbins PA. 
Desferrioxamine elevates pulmonary vascular resis-

F. León-Velarde et al.



447

tance in humans: potential for involvement of HIF-1. 
J Appl Physiol. 2002;92:2501–7.  

    102.    Smith TG, Balanos GM, Croft QP, et al. The increase 
in pulmonary arterial pressure caused by hypoxia 
depends on iron status. J Physiol. 2008;586: 
5999–6005.  

    103.    Balanos GM, Talbot NP, Dorrington KL, et al. 
Human pulmonary vascular response to 4 h of 
 hypercapnia and hypocapnia measured using 
Doppler echocardiography. J Appl Physiol. 2003;94: 
1543–51.  

    104.      Pretell EA. Cambios en la función tiroidea en nati-
vos de altura. In: IV Congreso Nacional de Medicina. 
Lima: Asociacion Medica Peruana “Daniel Alcides 
Carrión”; 1989.  

    105.    Guerra-Garcia R, Llaque WR, Crandall ED. 
Observaciones sobre la funcion endocrina de pacien-
tes con mal de montana cronico (MMC) estudiados a 
nivel del mar. Ica: Sociedad Peruana de 
Endocrinología; 1977. p. 80.  

    106.    Guerra-Garcia R, Llerena LA, Garayar D, et al. 
Función endocrina hipófi so testicular en nativos de 
altura y en pacientes con mal de montaña crónico. 
Cusco: Sociedad Peruana de Endocrinología; 1973. 
p. 40.  

    107.      Villena A, Zorrilla R, Guerra-Garcia R. Respuesta 
ortostática de aldosterona sérica en nativos normales 
y residentes de la altura y en pacientes con “mal de 
montaña crónico”. In: Congreso Peruano de 
Endocrinología. Lima: Sociedad Peruana de 
Endocrinología; 1987.  

    108.    Guerra-García R, Gonez C, Zubiate M, et al. Función 
suprerrenal en nativos de altura y en pacientes con 
mal de montaña crónico. Cusco: Sociedad Peruana 
de Endocrinología; 1973. p. 42.  

    109.    Adnot S, Andrivet P, Chabrier PE, et al. Plasma lev-
els of atrial natriuretic factor, renin activity, and 
aldosterone in patients with chronic obstructive pul-
monary disease. Response to O 2  removal and to 
hyperoxia. Am Rev Respir Dis. 1990;141:1178–84.  

     110.    Hainsworth R, Drinkhill MJ, Rivera-Chira M. The 
autonomic nervous system at high altitude. Clin 
Auton Res. 2007;17:13–9.  

     111.    Claydon VE, Norcliffe LJ, Moore JP, et al. 
Cardiovascular responses to orthostatic stress in 
healthy altitude dwellers, and altitude residents with 
chronic mountain sickness. Exp Physiol. 2005;90: 
103–10.  

    112.    Moore JP, Claydon VE, Norcliffe LJ, et al. Carotid 
barorefl ex regulation of vascular resistance in high- 
altitude Andean natives with and without chronic 
mountain sickness. Exp Physiol. 2006;91:907–13.  

    113.    Roach R, Passino C, Bernardi L, et al. 
Cerebrovascular reactivity to CO 2  at high altitude 
and sea level in Andean Natives. Clin Auton Res. 
2001;11:183.  

    114.    Norcliffe LJ, Rivera-Ch M, Claydon VE, et al. Cere-
brovascular responses to hypoxia and hypocapnia in 
high-altitude dwellers. J Physiol. 2005;566:287–94.  

    115.    Claydon VE, Gulli G, Slessarev M, et al. 
Cerebrovascular responses to hypoxia and hypocap-
nia in Ethiopian high altitude dwellers. Stroke. 
2008;39:336–42.  

    116.    Leon-Velarde F, Mejia O. Gene expression in 
chronic high altitude diseases. High Alt Med Biol. 
2008;9:130–9.  

     117.    Appenzeller O, Minko T, Qualls C, et al. Gene expres-
sion, autonomic function and chronic hypoxia: lessons 
from the Andes. Clin Auton Res. 2006;16:217–22.  

     118.    Mejia OM, Prchal JT, Leon-Velarde F, et al. Genetic 
association analysis of chronic mountain sickness in 
an Andean high-altitude population. Haematologica. 
2005;90:13–9.  

    119.    Storkebaum E, Lambrechts D, Carmeliet P. VEGF: 
once regarded as a specifi c angiogenic factor, now 
implicated in neuroprotection. Bioessays. 
2004;26:943–54.  

    120.    Xing G, Qualls C, Huicho L, et al. Adaptation and 
mal-adaptation to ambient hypoxia; Andean, 
Ethiopian and Himalayan patterns. PLoS One. 2008; 
3:e2342.  

     121.    Huicho L, Xing G, Qualls C, et al. Abnormal energy 
regulation in early life: childhood gene expression 
may predict subsequent chronic mountain sickness. 
BMC Pediatr. 2008;8:47.  

    122.      Klein HG. Isovolemic hemodilution in high alti-
tude polycythemia. In: Adjustments to High 
Altitude - Proceedings of the International 
Symposium on Acclimatization, Adaptation and 
Tolerance to High Altitude. 1983: NIH, editor, 
Baltimore, MD.  

    123.    Rivera-Ch M, Leon-Velarde F, Huicho L. Treatment 
of chronic mountain sickness: critical reappraisal of 
an old problem. Respir Physiol Neurobiol. 2007;158: 
251–65.  

    124.    Plata R, Cornejo A, Arratia C, et al. Angiotensin-
converting- enzyme inhibition therapy in altitude 
polycythaemia: a prospective randomised trial. 
Lancet. 2002;359:663–6.  

    125.    Swenson ER. Carbonic anhydrase inhibitors and 
ventilation: a complex interplay of stimulation and 
suppression. Eur Respir J. 1998;12:1242–7.  

    126.    Swenson ER. Carbonic anhydrase inhibitors and 
hypoxic pulmonary vasoconstriction. Respir Physiol 
Neurobiol. 2006;151:209–16.  

    127.    Moore LG, Niermeyer S, Vargas E. Does chronic 
mountain sickness (CMS) have perinatal origins? 
Respir Physiol Neurobiol. 2007;158:180–9.  

     128.    Monge CC, Leon-Velarde F. Physiological adapta-
tion to high altitude: oxygen transport in mammals 
and birds. Physiol Rev. 1991;71:1135–72.  

    129.    Maignan M, Rivera-Ch M, Privat C, et al. Pulmonary 
pressure and cardiac function in chronic mountain 
sickness patients. Chest. 2009;135:499–504.  

    130.    Rivera-Ch M, Huicho L, Bouchet P, et al. Effect of 
acetazolamide on ventilatory response in subjects 
with chronic mountain sickness. Respir Physiol 
Neurobiol. 2008;162:184–9.      

22 Chronic Mountain Sickness



449E.R. Swenson and P. Bärtsch (eds.), High Altitude: Human Adaptation to Hypoxia, 
DOI 10.1007/978-1-4614-8772-2_23, © Springer Science+Business Media New York 2014

    Abstract  

  Increasing numbers of people are traveling to high altitude for work or 
 pleasure. Given the prevalence of medical conditions in the general popula-
tion, it is likely that many of these travelers will have one or more underlying 
medical problems. Unsure of how they will tolerate high altitude, these 
patients often seek input from their primary care physicians or travel clinical 
providers to determine if it is safe for them to make such a sojourn and, if so, 
what precautions should be taken during their trip to avoid problems that 
might lead to unplanned interruption of their trip. Clinicians faced with 
these concerns must address whether the underlying medical condition 
could be adversely affected by the hypoxic environment or alters the trav-
eler’s risk for developing high-altitude illness. This chapter provides infor-
mation to guide clinicians in answering these questions as they pertain to 
patients with a wide variety of medical problems including pulmonary 
 diseases such as chronic obstructive pulmonary disease, asthma, and 
obstructive sleep apnea; cardiac problems including coronary artery 
 diseases, cardiomyopathy, and adult congenital heart diseases; as well as 
gastrointestinal, endocrine, hematologic, neurologic, and renal disorders. 
For each disorder we consider the primary challenges faced by those patients 
at altitude and provide recommendations for pretravel assessment as well as 
risk mitigation during the trip. The chapter concludes by considering medi-
cation use at high altitude and, in particular, whether medications used for 
treatment of underlying disorders have the potential for adverse interactions 
with medications used in the prophylaxis and treatment of acute altitude ill-
ness and whether the dose and choice of altitude illness medication needs to 
be altered depending on the patients underlying health issues.  
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        Introduction 

 Increasing numbers of people are traveling to 
high altitude for work or pleasure. Given the 
prevalence of medical conditions in the general 
population, it is likely that many sojourners will 
have some underlying medical problem. Unsure 
of how they will tolerate high altitude, these 
patients seek input from their medical providers 
who, in turn, must address two questions: (1) will 
the underlying medical condition be adversely 
affected by the hypoxic environment, and (2) will 
the underlying condition alter the traveler’s risk 
for developing high-altitude illness, i.e., acute 
mountain sickness (AMS), high-altitude cerebral 
edema (HACE), or high-altitude pulmonary 
edema (HAPE)? The purpose of this chapter is to 
provide information to guide clinicians in 
answering these questions. 

 The topic has been covered in depth in an ear-
lier review on the topic [ 1 ]. This chapter will 
focus on updating the current state of knowledge 
on the conditions discussed in that review and 
present information regarding several other con-
ditions not addressed previously. For each of the 
topics, we focus on the effects of exposure lasting 
days to weeks and will not consider the issue of 
relocation to high-altitude or lifelong residence.  

    At What Altitude Are Patients 
at Risk for Problems? 

 There are no fi rm defi nitions in the literature as to 
what constitutes “high altitude,” as the thresholds 
used for this designation vary between studies or 
review articles. A common approach is to make a 
distinction between differing degrees of altitude 
exposure such as that put forth by Bartsch and 
Saltin [ 2 ] in which they designate 2,000–3,000 m 
as moderate altitude, 3,000–5,500 m as high alti-
tude, and >5,500 m as extreme altitude. 

 In general, the risk of acute altitude illness 
begins above 2,000 m and increases at higher 
elevations. Several physiologic responses that 
may impact those with underlying medical 
 problems begin at roughly the same altitude. 

The hypoxic ventilatory response and hypoxic 
 pulmonary vasoconstriction, for example, begin 
when alveolar PO 2  falls below 70 mmHg [ 3 ], a 
value reached in most individuals at or near 
2,000 m. Of course, 2,000 m should not be 
viewed as a strict threshold below which patients 
are fi ne and above which they are at risk for prob-
lems. Rather, the risks of altitude travel likely 
occur along a spectrum of elevation gain and rep-
resent a complex interplay between the severity 
of underlying disease, interactions between its 
pathophysiology and acute hypoxia, and ultimate 
altitude attained and rate of ascent (degree and 
rate of onset of hypoxia).  

    Pulmonary Disorders 

 Of all the patients traveling to high altitude, 
patients with pulmonary disorders face some of 
the greatest challenges in this environment due to 
the potential for worsening hypoxemia and the 
ventilatory demands that may be placed on 
patients with altered lung mechanics. Several of 
the most common disorders are considered in the 
space that follows. Patients with pulmonary dis-
ease who are planning travel to high altitude 
should give consideration to monitoring oxygen-
ation with pulse oximetry using a small handheld 
device. Further details about pulse oximetry 
monitoring at high altitude are available in a sep-
arate review on this issue [ 4 ]. 

    Chronic Obstructive Pulmonary 
Disease 

 The effect of high altitude on patients with 
chronic obstructive pulmonary disease (COPD) 
has been reviewed extensively elsewhere [ 5 ] and 
will be summarized here. To date, only a single 
study has examined COPD patients in an actual 
high-altitude environment. Graham and Houston 
[ 6 ] studied 8 patients with COPD (mean FEV 1  
1.27 L) and found that resting P a O 2  fell from a sea 
level baseline of 66 to 54 mmHg after 3 h at 
1,920 m. Further data on COPD patients during 
commercial fl ight consistently demonstrates that 
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P a O 2  often falls below 50 mmHg when patients 
with FEV 1  between 1 and 1.5 L are exposed to 
hypobaric or normobaric hypoxia simulating alti-
tudes between 2,348 and 3,050 m [ 7 ,  8 ]. Mild 
exercise leads to further declines in arterial oxy-
gen tension [ 9 ], while supplemental oxygen 
administration rapidly reverses hypoxemia [ 10 ]. 

 The degree of hypoxemia in these patients is 
relevant to planning travel to high altitude. 
Several leading guidelines, for example, recom-
mend initiation of supplemental oxygen for com-
mercial fl ight when the arterial PO 2  is predicted 
to be below 50 [ 11 ] or 55 mmHg [ 12 ] at 2,440 m. 
Recognizing that these thresholds are arbitrary 
and lack supporting data, it is reasonable to ask 
whether COPD patients require supplemental 
oxygen with travel to similar altitudes in the 
mountains. 

 The key issue becomes identifying those 
patients who might require supplemental oxygen. 
In the commercial fl ight literature, Gong et al. 
[ 13 ] proposed that sea level P a O 2  < 72 mmHg cor-
rectly identifi ed such patients, but subsequent 
studies have questioned this and suggest that pre-
diction equations that take into account FEV 1  
[ 14 ] or baseline maximum exercise capacity [ 8 ] 
might have better predictive capability. Sea level 
pulse oximetry does not accurately identify those 
individuals in whom the P a O 2  will fall below 
50 mmHg [ 15 ]. 

 The utility of this literature is limited in sev-
eral respects. First, the studies generally include 
only patients with baseline FEV 1  of 1.0–1.5 L 
and exclude patients with carbon dioxide reten-
tion. Second, and more importantly, the studies 
from the commercial fl ight literature involve 
short exposures (several hours) and, as a result, 
do not account for ventilatory acclimatization 
that occurs over the fi rst several days at high alti-
tude, leading to improvements in arterial oxygen-
ation [ 6 ]. Finally, it is noteworthy that in the 
study by Graham and Houston, as well as studies 
from the commercial fl ight literature, there were 
no reports of adverse events, and patients only 
developed mild symptoms including dyspnea, 
fatigue, and headache, suggesting that chroni-
cally hypoxemic patients may tolerate further 
hypoxemia at high altitude to some extent 

because they are already partially “acclimatized” 
to impaired oxygenation. Given the latter two 
issues, it is possible that strict adherence to pre-
diction equations for supplemental oxygen may 
lead to unnecessary use in some patients and that 
a more fl exible approach is warranted [ 16 ]. 

 Beyond the issue of oxygenation, the litera-
ture provides little conclusive evidence regarding 
the effects of high altitude on the degree of air-
fl ow obstruction as the studies on pulmonary 
mechanics in hypoxia have largely shown con-
fl icting data [ 17 – 20 ]. There is currently no evi-
dence that patients with bullous disease are at 
increased risk for pneumothorax due to the drop 
in barometric pressure at high altitude [ 21 ,  22 ]. 
There is also no information regarding COPD 
patients with carbon dioxide retention at terres-
trial or simulated high altitude, but from a theo-
retical standpoint, there is strong reason to 
suspect these patients may experience problems. 
Because carbon dioxide retention is a sign of 
severe ventilatory impairment, these patients 
may be unable to raise ventilation suffi ciently at 
rest or with exertion at high altitude and, as a 
result, may develop worsening symptoms, hypox-
emia, and exercise limitation. In addition, many 
patients with carbon dioxide retention develop 
pulmonary hypertension, which, as discussed 
below, may predispose to HAPE and other com-
plications at high altitude. 

 Recommendations for pretravel evaluation and 
other aspects of management of COPD patients at 
high altitude are provided in Table  23.1 .

       Interstitial Lung Disease 

 Only two studies have evaluated the effect of 
simulated high altitude on patients with intersti-
tial lung diseases such as pulmonary fi brosis. 
Seccombe et al. [ 9 ] studied 15 patients with 
unspecifi ed forms of interstitial lung disease 
(mean FEV 1  1.83 L, 55 % predicted) at a simu-
lated altitude of 2,440 m (8,000 ft) and found 
that resting P a O 2  fell from 84 to 51 mmHg after 
20 min at rest and to 41 mmHg after walking 
50 m. The decreased oxygenation was associ-
ated with increased Borg dyspnea scores. 

23 High Altitude and Common Medical Conditions
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Christensen et al. [ 23 ] exposed 17 patients with 
worse restrictive lung diseases (mean FEV 1  
1.4 L, 49 % predicted; mean TLC 3.2 L, 52 % 
predicted; mean P a O 2  78 mmHg at sea level) to 
the same simulated altitude and found that the 
P a O 2  fell to 49 mmHg at rest and 38 mmHg dur-
ing 20 W exercise. Administration of supple-
mental oxygen at rest (2 LPM) or with exercise 
(4 LPM) raised the P a O 2  above 50 mmHg. 
Caution must be applied in interpreting these 
data, however, as interstitial lung disease is het-
erogeneous, a factor not addressed in the studies 
noted above. In addition, these data apply to 
those with severe impairment; patients with less 
severe disease are likely to do better. 

 The clinical implications of worsening hypox-
emia at high altitude in interstitial lung disease 
patients are not clear. Increased hypoxemia 
increases the risk of AMS in patients without lung 
disease [ 24 ,  25 ], but studies that specifi cally exam-
ined patients with lung disease have reported vary-
ing results. Honigman et al. [ 26 ], for example, 
reported an increased risk of AMS in patients with 
underlying lung disease traveling to 1,900–
2,900 m, while Roach et al. [ 27 ] found no relation-
ship between AMS risk and decreased pulmonary 
function in older individuals (mean age 70 years) 
traveling to similar altitudes. These studies, how-
ever, did not focus specifi cally on patients with 
interstitial lung disease and, instead, looked at 
patients with a variety of unspecifi ed lung dis-
eases. As with severe COPD patients, those with 
severe interstitial lung disease develop secondary 
pulmonary hypertension, a risk factor for HAPE or 
other complications at high altitude. 

 Recommendations for pretravel evaluation and 
management in interstitial lung disease patients at 
high altitude are provided in Table  23.1 .  

    Asthma 

 The impacts of high altitude on asthma are mul-
tiple. On the one hand, lower air density and 
decreased dust mites [ 28 – 31 ] benefi t asthma 
patients, while hypoxia [ 32 ], hypocapnia [ 33 ], 
and decreased air temperature and humidity 
[ 34 ] may trigger increased airway reactivity. 

Epidemiologic studies have documented 
increased incidence of asthma or exercise- 
induced bronchoconstriction (EIB) among cross- 
country skiers [ 35 ,  36 ] and ski mountaineers 
[ 37 ], individuals whose activity requires very 
high ventilation in cold environments; many had 
no history of EIB at lower altitude. 

 Overall, the number of studies of asthma 
patients during actual acute high-altitude expo-
sure is limited, making it diffi cult to draw fi rm 
conclusions. Golan et al. [ 38 ] reported that 20 % 
of adventure travelers with asthma, a large per-
centage of whom were participating in high- 
altitude trekking, reported an exacerbation during 
their trip while 16 % reported their “worst ever” 
asthma attack during the trip. Frequent rescue 
inhaler use (≥3 times per week) prior to the trip 
and intense physical activity during the trip were 
risk factors for worsening symptom control. The 
study, however, did not control for the altitudes 
attained or for transit through cities with very 
poor air quality. Louie and Pare [ 39 ] studied 5 
asthmatic patients during a trek in the Nepal 
Himalaya and demonstrated that peak expiratory 
fl ow fell by an average of 76 LPM (~13 % 
change) between sea level and 4,100 m, but sub-
jects were taking dexamethasone and acetazol-
amide which might have skewed the results. In 
more controlled studies, Cogo et al. [ 40 ] and 
Allegra et al. [ 41 ] assessed mild asthmatic 
patients at sea level and altitudes as high as 
5,050 m and documented decreased bronchial 
hyperreactivity to hypoosmolar aerosol or 
 methacholine at high altitude. Stokes et al. have 
also documented that well-controlled mild asth-
matics can ascend to 5,895 m without exacerba-
tions of their disease and with no increase in rate 
of AMS compared to non-asthmatic climbers 
[ 42 ], while Huismans et al. [ 43 ] reported that 
asthma patients traveling to 6,410 m in Tibet did 
not experience increasing asthma symptoms with 
increasing altitude and did not see signifi cant 
increases in their need for asthma medications. 

 In addition to these few studies that suggest 
that high-altitude travel is likely safe in patients 
with mild, well-controlled disease, it is notewor-
thy that, aside from the poorly controlled study 
by Golan et al. [ 38 ], the literature contains no 

A.M. Luks and P.H. Hackett



455

reports of unexpected asthma exacerbations at 
high altitude or an association between asthma 
and altitude illness [ 1 ]. 

 Recommendations for the management of 
asthma patients traveling to high altitude are pro-
vided in Table  23.1 .  

    Cystic Fibrosis 

 As the quality of care and life expectancy of cys-
tic fi brosis (CF) patients improves, it is likely that 
more of these patients will travel to high altitude. 
Inconsistent effects of high altitude on pulmo-
nary function have been reported, with one study 
[ 44 ] reporting an increase in FEV 1  and FVC at 
high altitude and others reporting either no 
change [ 45 ] or a small decrease [ 46 ] in these val-
ues. What is consistent across studies, however, 
is the fact that travel to moderate altitudes 
(2,000–3,000 m) is associated with impaired 
oxygenation; P a O 2  falls to near or below 
50 mmHg at these altitudes, with the largest 
decrease in those with more severe disease [ 44 , 
 46 ], and exercise further exacerbates hypoxemia 
[ 44 ,  47 ]. The hypoxia inhalation test commonly 
used to predict the need for supplemental oxygen 
may not be as useful in cystic fi brosis patients 
[ 44 ,  48 ], while pretravel spirometry [ 44 ] or pre-
diction equations different than those used for 
COPD patients [ 49 ] may have greater utility. 

 The consequences of impaired oxygenation, 
however, are unclear, since in the studies noted 
above subjects had either none or minor symp-
toms. This may be related to the fact that the 
studies examined younger patients with fewer 
comorbidities than COPD patients. A limitation 
to all of these studies is that they involved short 
exposure (hours) and, as a result, may not reli-
ably capture some problems that occur with 
longer exposures. Reports of CF patients with 
low baseline FEV 1  (~1 L) developing pulmo-
nary hypertension and cor pulmonale during 
longer time at high altitude [ 50 ] serve as a 
warning that severe complications are still pos-
sible. No data assess the frequency or severity 
of CF exacerbations at high altitude compared 
to sea level. 

 Recommendations for the management of 
cystic fi brosis patients planning high-altitude 
travel are provided in Table  23.1 .  

    Pulmonary Hypertension 

 An important factor in HAPE pathogenesis is 
exaggerated pulmonary vascular response to 
hypoxia (see Chaps.   5     and   22    ), which leads to 
elevated pulmonary arterial and capillary pres-
sures that promote the transit of red blood cells, 
protein, and fl uid from the vascular space into the 
pulmonary interstitium and alveolar space [ 51 , 
 52 ]. Numerous case reports demonstrate that pre-
existing pulmonary hypertension exacerbates this 
pathophysiology and increases risk of HAPE. 
These include patients with both anatomic [ 53 –
 55 ] and nonanatomic causes [ 56 – 58 ] for pulmo-
nary hypertension, although the exact level of 
pulmonary hypertension necessary to increase 
the risk of HAPE is unclear. The patient’s under-
lying pulmonary vascular resistance, hypoxic 
pulmonary vasoconstriction responsiveness, and 
rate and height of ascent likely determine a con-
tinuum of risk. Interestingly, persons with chronic 
pulmonary hypertension from high-altitude resi-
dence are also susceptible to HAPE following 
reascent after a period at lower elevation [ 59 ,  60 ]. 

 No studies or case reports examine patients 
with idiopathic pulmonary arterial hypertension. 
Because extensive vascular remodeling occurs in 
these patients, it is possible that their altered pul-
monary vasculature provides a measure of 
 protection against HAPE. In the absence of data 
regarding these patients at altitude, it is diffi cult 
to offer advice; the more prudent course is to con-
sider them at increased risk for either HAPE or 
exacerbation of their baseline symptoms. Recent 
data suggest that relatives of patients with idio-
pathic pulmonary arterial hypertension also dem-
onstrate abnormal pulmonary vascular responses 
to exercise and hypoxia [ 61 ], but whether they 
should be also considered at high risk for prob-
lems at high altitude is unknown. 

 One factor that may warrant attention when 
assessing the risk for HAPE in these patients is 
the adequacy of their iron stores. Recent work, 
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for example, has suggested that iron defi ciency 
may play an important pathophysiological role in 
the idiopathic and heritable forms of pulmonary 
arterial hypertension [ 62 ]. Given data suggesting 
that iron administration prior to high-altitude 
travel blunts pulmonary vascular responses in 
normal individuals traveling to 4,340 m [ 63 ], it is 
worth considering whether iron supplementation 
in pulmonary hypertension patients prior to high- 
altitude travel would be of benefi t in preventing 
HAPE. No studies to date have specifi cally exam-
ined this question. 

 HAPE is not the only potential complication 
in patients with pulmonary hypertension travel-
ing to high altitude, as patients may be at risk for 
worsening right ventricular (RV) function, isch-
emia, and impaired oxygenation. Although dete-
rioration has not been reported at high altitude, 
case reports have documented this phenomenon 
during commercial fl ight in patients with morbid 
obesity [ 64 ] and severe kyphoscoliosis [ 65 ], two 
entities associated with pulmonary hypertension. 
Increased RV afterload could also cause RV dila-
tion, leading to decreased subendocardial blood 
fl ow, ischemia, and chest pain, particularly dur-
ing exertion. 

 Finally, exercise desaturation, a common fea-
ture at sea level in both adult [ 66 ] and pediatric 
[ 67 ] pulmonary hypertension patients, would 
likely worsen at high altitude and cause even 
greater exercise limitation. 

 Recommendations regarding the management 
of pulmonary hypertension patients at high alti-
tude are summarized in Table  23.1 .  

    Obstructive Sleep Apnea 

 The lower air density at high altitude may lead one 
to expect a decrease in the severity of obstructive 
sleep apnea with high-altitude exposure. This 
hypothesis was investigated by Burgess et al. [ 68 ] 
who performed sleep studies at sea level and high 
altitude on patients with baseline moderate OSA 
and found that the obstructive respiratory distress 
index (RDI) fell from 25.5 ± 14.4 events/h at sea 
level to 0.5 ± 0.7 events/h at 2,750 m. As might be 
expected given the lower ambient oxygen tensions, 

average and nadir nocturnal oxygen saturations 
were also lower at 2,750 when compared to sea 
level. A similar decrease in the obstructive apnea-
hypopnea index with increasing altitude was seen 
in an earlier study on normal individuals with low 
baseline obstructive sleep apnea indices [ 69 ]. 
In both studies, however, the decrease in obstruc-
tive events was offset by a marked increase in cen-
tral apnea. In moderate OSA patients, for example, 
the RDI for central events rose from 0.4 events/h at 
60 m to 78.8 events/h at 2,750 m, much higher than 
the sea level obstructive RDI [ 68 ]. 

 Subsequent fi eld studies have demonstrated 
similar increases in the number of central apneas 
but, interestingly, no change in the number of 
obstructive events despite the fall in barometric 
pressure and air density [ 70 ,  71 ]. Use of acetazol-
amide in these patients decreased the number of 
central events but had no signifi cant effect on the 
number of obstructive events in these patients. 
Importantly, acetazolamide also reduced noctur-
nal transcutaneous PCO 2 , improved sleep effi -
ciency and subjective impressions of insomnia, 
and prevented blood pressure elevations in OSA 
patients at altitude, fi ndings which suggest that 
acetazolamide may be benefi cial for these 
patients when they are unable to use their CPAP 
devices at altitude [ 70 ]. 

 Patients using older CPAP machines (>10 
years) should be aware that some of these 
machines lack the ability to compensate for 
changes in ambient pressure. Such machines may 
not deliver the intended pressure in the hypobaric 
environment at high altitude and may require 
adjustment [ 72 ]. 

 Recommendations for the management of 
obstructive sleep apnea patients at high altitude 
are provided in Table  23.1 .  

    Neuromuscular Diseases 

 Patients with various forms of neuromuscular dis-
ease, such as the muscular dystrophies or diaphrag-
matic paralysis, may be at risk for problems at high 
altitude. Those with impaired ventilation, for exam-
ple, might be unable to mount an adequate ventila-
tory response to hypoxia and therefore suffer 
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signifi cant hypoxemia, diffi culty with exertion, and 
higher risk of altitude illness. Although this issue 
has not been studied systematically, clinical experi-
ence suggests that muscular dystrophy patients do 
indeed experience such problems. Patients with 
Parkinson’s disease [ 73 ] and myotonic dystrophy 
[ 74 ] may have blunted hypoxic ventilatory 
responses at sea level that could predispose to sig-
nifi cant hypoxemia at high altitude, while patients 
with bilateral diaphragmatic paralysis can become 
more hypoxemic in the supine position and, as a 
result, may experience signifi cant desaturation dur-
ing sleep at high altitude [ 75 ]. Finally, many neuro-
muscular disease patients have associated disorders 
such as obstructive sleep apnea, nocturnal hypoven-
tilation, or pulmonary hypertension, which could 
predispose to complications during high-altitude 
travel. These issues have been reviewed in greater 
detail elsewhere [ 5 ]. Recommendations for manag-
ing these patients during high-altitude travel are 
provided in Table  23.1 .  

    Pediatric Chronic Lung Disease 

 As medical care improves, the life expectancy of 
children with respiratory complications during 
the neonatal period, referred to as chronic lung 
disease or bronchopulmonary dysplasia, is 
increasing. Aside from a report of a single indi-
vidual who developed HAPE at 2,927 m at age 
13 [ 76 ], little is known about how these children 
fare at high altitude. Clinicians should be aware, 
however, that they often develop long-term com-
plications such as pulmonary hypertension or air-
fl ow limitation. Chronic lung disease patients 
whose families are planning high-altitude travel 
should be screened for such abnormalities and 
managed with caution including monitoring of 
pulse oximetry and possible use of supplemental 
oxygen. Patients with baseline pulmonary hyper-
tension should be managed according to guide-
lines provided above for adult pulmonary 
hypertension patients. Identifying the onset of 
AMS in preverbal children can be diffi cult; alter-
native diagnostic criteria for AMS in infants and 
preverbal children have been proposed [ 77 ]. This 
and other topics regarding children at high altitude 

are discussed in a greater detail in a recent review 
of this issue [ 78 ].   

    Cardiovascular Disorders 

    Coronary Artery Disease 

 In response to both exercise and hypoxemia, cor-
onary arteries dilate in an effort to preserve myo-
cardial blood fl ow and oxygen delivery. 
Individuals with coronary artery disease (CAD) 
may have impaired coronary vasodilation and 
thus may be at risk for adverse cardiac events at 
high altitude. A summary of these risks is pro-
vided below and the reader is referred to Chap.   6     
and several prior reviews on the topic [ 1 ,  79 ,  80 ] 
for further details. 

 Resting hypoxemia alone does not appear to 
unmask CAD [ 81 ,  82 ], while exercise in acute 
hypoxia may provoke ischemic changes on elec-
trocardiography in persons with CAD [ 83 ]. For 
patients with stable CAD at sea level, the isch-
emia threshold is lower during the initial few 
days at moderate altitudes (~2,500 m) [ 84 ] but 
subsequently recovers to pre-ascent levels as 
acclimatization occurs over 5 days. The ability to 
raise coronary blood fl ow in response to exercise 
is also decreased in patients with CAD during 
exposure to a simulated altitude of 2,500 m [ 85 ]. 
Patients who have undergone revascularization 
following a myocardial infarction tolerate exer-
tion at high altitude; a recent study [ 86 ] 
 demonstrated that 6 months after revasculariza-
tion for acute coronary syndrome, patients with 
normal left ventricular function and no evidence 
of ischemia on exercise testing at low altitude 
could perform maximal, symptom-limited exer-
cise tests after rapid ascent to 3,454 m without 
electrocardiographic evidence of myocardial 
ischemia or signifi cant arrhythmia. Cold temper-
ature can aggravate ischemia at sea level due to 
increased sympathetic activity [ 87 ]; this issue has 
never been systematically studied at high altitude 
but is a concern, particularly with travel in the 
winter months, given that air temperature 
decreases as altitude increases. There is no evi-
dence of life- threatening arrhythmias in patients 
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with CAD at high altitude. Several studies [ 88 ,  89 ] 
have documented cases of sudden cardiac death 
at high altitude in a general population, but 
whether high altitude increases the risk of this 
problem specifi cally in CAD patients is unknown. 

 Recommendations for the management of 
patients with CAD planning to travel to high alti-
tude are provided in Table  23.2 .

       Hypertension 

 In hypertensive patients ascending to high alti-
tude, systolic blood pressure rises to a modest 
extent (10–15 mmHg on average) but then 
declines over a period of days to weeks [ 27 ,  90 –
 92 ]. Marked variability is found in these 
responses, however [ 27 ,  90 ], and the lack of a 
way to predict the response makes advising these 
patients diffi cult. The literature is limited by the 
modest elevations (<3,500 m) and the fact that 
poorly controlled hypertensive patients were not 
included in these studies. There is no evidence 
that hypertension increases risk of AMS. 
Although there are theoretical reasons to support 
the use of alpha-blockers and calcium channel 
blockers for control of elevated blood pressure at 
high altitude, no systematic studies have been 
conducted to evaluate their utility in this regard. 

 Recommendations for the management of 
hypertensive patients traveling to high altitude 
are provided in Table  23.2 . A more complete dis-
cussion of hypertension at high altitude is also 
available in a separate review [ 93 ].  

    Arrhythmia 

 There is some evidence that healthy people with-
out preexisting cardiac arrhythmia may occa-
sionally experience sinus tachycardia, sinus 
bradycardia, premature atrial or ventricular con-
tractions, incomplete right bundle branch block, 
atrial fl utter, and non-conducted p-waves follow-
ing ascent to high altitude [ 84 ,  92 ,  94 ], but very 
little information exists regarding people with 
known preexisting arrhythmias, such as atrial 
fi brillation, traveling to this environment. In one 

of the only studies of this issue, Wu et al. [ 92 ] 
performed electrocardiograms (ECG) and 24-h 
ambulatory ECG on 42 people with a variety of 
preexisting arrhythmias including sinus arrhyth-
mia, premature atrial or ventricular beats, fi rst- 
degree AV block, and incomplete right bundle 
branch block working on the Qinghai-Tibet 
Railroad. Aside from one case of asymptomatic 
Wolff-Parkinson-White syndrome, no life- 
threatening arrhythmias were noted in these 
patients when assessments were made 1 week 
and 3 months after arrival between 4,500 and 
5,056 m and there were no reports of exacerba-
tions of their underlying arrhythmia. 

 With regard to patients with implanted pace-
makers or defi brillators, Weilenmann et al. [ 95 ] 
exposed 13 patients with implanted single- 
chamber pacemakers to a simulated altitude of 
4,000 m and noted no changes in ventricular 
stimulation thresholds. While this result suggests 
certain pacemaker patients may tolerate high alti-
tude, the 30-min duration of exposure was con-
siderably shorter than many people would 
experience and did not include exercise. 
Anecdotal reports suggest patients with implanted 
cardiac defi brillators (ICDs) may experience 
shocks at high altitude, but only a single study 
has systematically investigated this question. 
Kobza et al. surveyed 217 patients with ICDs 
who traveled to altitudes above 2,000 m and 
found that 4 % experienced an ICD shock during 
their sojourn [ 96 ]. It was not clear from the study 
whether the shocks were due to the patient’s 
underlying cardiac condition or a change in the 
device’s defi brillation threshold at high altitude. 

 Recommendations regarding the management 
of patients with pacemakers, defi brillators, or 
underlying arrhythmia are provided in Table  23.2 .  

    Heart Failure 

 In one of the few studies to assess heart failure 
patients at terrestrial altitude, Erdman et al. [ 97 ] 
took patients with CAD with documented ejec-
tion fraction <45 % to 2,500 m by cable car for a 
few hours and found no evidence of ischemia, 
pulmonary edema, or other complications; in 
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       Table 23.2    Recommendations for patients with underlying cardiac disease   

  Coronary artery disease  
 •  Patients with coronary artery disease should be risk stratifi ed using exercise treadmill testing or nuclear imaging 

studies in normoxia 
 • Avoid high-altitude travel with: 
 – Unstable or severe angina 
 – Objective evidence of myocardial ischemia at low levels of exertion 
 – Recent acute coronary syndrome (<3–6 months, no revascularization) 
 •  Patients with stable CAD that permits exercise at sea level can ascend to high altitude and engage in physical 

activity but should: 
 – Avoid exertion during the fi rst several days after arrival 
 – Reduce exercise levels to slightly lower than at sea level 
 – Avoid heavy exertion in cold temperatures 
 • Patients should remain on regular medications while at high altitude 
 •  Patients on warfarin or clopidogrel should limit activities in remote areas to reduce the risk of trauma and severe 

bleeding 
 • Patients should travel with copy of recent electrocardiogram 
 •  Supplemental oxygen can be prescribed for the fi rst several days at altitude if concerns persist following sea level 

testing 

  Hypertension  
 •  Patients with poorly controlled or labile hypertension at sea level should monitor blood pressure following ascent 
 • Medication adjustments and/or addition of medications should be made according to a prearranged plan if: 
 –  Systolic pressure >180 mmHg or diastolic pressure >120 mmHg and symptoms including chest pain, vision 

changes, headache, or dyspnea 
 – Systolic pressure >220 mmHg or diastolic pressure >140 mmHg without symptoms 
 – Patients on longer sojourns at altitude may desire better control 
 • After adjustments, patients should continue monitoring and alter medications accordingly 
 • Patients should return to their original regimen upon descent to lower elevation 
 • Nocturnal oxygen can be considered to help stabilize blood pressure at high altitude 

  Arrhythmia  
 • Ensure pacemakers and implantable defi brillators are functioning properly prior to high-altitude travel 
 •  Avoid high-altitude travel if preexisting arrhythmias are not under adequate control or, if such travel is necessary, 

consider supplemental oxygen 

  Heart failure  
 • Avoid high-altitude travel with poorly compensated heart failure 
 •  Patients with stable, compensated heart failure can ascend to moderate altitudes (<3,000 m) and engage in physical 

activity; slightly below the level they can perform at sea level 
 •  Monitor body weight and blood pressure regularly and travel with prearranged plan for adjusting diuretic or 

antihypertensive dosing if increasing weight or severely elevated blood pressure develops 
 • Consider traveling with supplemental oxygen 

  Adult congenital heart disease  
 • Patients should be evaluated prior to planned high-altitude travel using: 
 – Echocardiography to document pulmonary artery pressure 
 – Cardiopulmonary exercise testing 
 • High-altitude travel should be avoided with: 
 – Moderate to severe pulmonary hypertension 
 – Low maximum exercise capacity (<20 mL/kg/min) 
 • Right-to-left shunting  and  anemia or impaired cardiac output 
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addition, they found a decrement in exercise 
capacity similar to healthy controls. Agostoni 
et al. [ 98 ] performed cardiopulmonary exercise 
tests on 38 patients with heart failure and various 
levels of exercise impairment, at sea level and at 
simulated altitudes of 1,000, 1,500, 2,000, and 
3,000 m. As expected, work rate decreased with 
increasing altitude with the greatest decrements 
in those patients with the lowest exercise capac-
ity at baseline. None of the tests were interrupted 
due to arrhythmia, angina, or ischemia; each 
hypoxic exposure lasted for only the duration of 
the exercise study. 

 While these studies suggest patients with sta-
ble heart failure can tolerate short duration expo-
sures to high altitude, clinicians working in 
high-altitude areas report that decompensation of 
heart failure is a common occurrence in tourists 
[ 99 ]. In addition, some theoretical concerns war-
rant attention. Given their propensity towards 
fl uid overload, these patients may have higher 
pulmonary hydrostatic pressures that increase the 
risk for HAPE. Similarly, AMS is often associ-
ated with fl uid retention and, to the extent this 
occurs in a heart failure patient, it could lead to 
volume overload, worse peripheral edema, and 
even pulmonary edema. From a theoretical stand-
point, acetazolamide, with its diuretic effect, 
would be an effective means to prevent AMS or 
worsening heart failure in these patients, but this 
has not yet been studied. Marked blood pressure 
elevations could also increase left ventricular 
afterload and impair systolic function. 

 Questions also arise as to how well patients 
will tolerate use of beta-blockers at altitude, and 
Agostoni et al. [ 100 ], for example, have shown 
that carvedilol, a commonly used medication in 
heart failure patients, may reduce ventilatory 
responses in acute hypoxia which could predis-
pose to hypoxemia and possibly altitude illness. 
More recently, Valentini et al. [ 101 ] compared 
the beta-blockers nebivolol and carvedilol on 
exercise following ascent to 4,559 m and found 
that peak oxygen consumption decreased less at 
high altitude following treatment with nebivolol 
compared to carvedilol. The decrease in maxi-
mum heart rate was also less with nebivolol, 
while peak minute ventilation actually increased 
on this agent. The study only examined healthy 

subjects, however, and how well this data trans-
lates to cardiomyopathy patients using beta- 
blockers at high altitude remains unclear. 

 See Table  23.2  for management recommenda-
tions for heart failure patients traveling to high 
altitude.  

    Congenital Heart Disease 

 As with heart failure, there is little information 
regarding congenital heart disease patients at 
high altitude. Case series and case reports dem-
onstrate that a rare abnormality, unilateral 
absence of a pulmonary artery, is associated with 
an increased risk for developing HAPE [ 53 ,  54 ], 
while limited evidence suggests patients with 
Down’s syndrome, a disorder associated with 
cardiac abnormalities, may also be predisposed 
to this problem [ 58 ]. Allemann et al. [ 102 ] argue 
that patent foramen ovale (PFO) may predispose 
to HAPE, but whether PFO is causal in HAPE or 
rather a sequela of the marked rise in pulmonary 
artery pressure that occurs during hypoxia or 
exercise in HAPE-susceptible individuals [ 103 , 
 104 ] could not be established. Finally, Garcia 
et al. [ 105 ] performed cardiopulmonary exercise 
tests on 11 patients with history of Fontan proce-
dure for correction of tricuspid atresia and noted 
that submaximal exercise was well tolerated at 
simulated altitude of 3,050 m, despite these 
patients lacking functional right ventricles. It was 
only with maximal exercise that the lack of a 
functional right ventricle impaired their ability to 
generate suffi cient cardiac output. 

 In addition to the limited literature, drawing 
conclusions about congenital heart disease 
patients is diffi cult because of the wide variety 
of congenital disorders and their associated 
hemodynamic consequences and effect on oxy-
genation. From a theoretical standpoint, two 
groups of patients might be at risk for problems 
at high altitude. The fi rst group is those in whom 
the defect, or its repair, is accompanied by pul-
monary hypertension. As noted earlier, such 
patients might be at increased risk for HAPE or 
worsening right ventricular function. The second 
group is those patients with right-to-left shunts, 
who may already be hypoxemic at sea level. 
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With ascent to altitude, hypoxic pulmonary 
vasoconstriction could lead to further rises in 
pulmonary vascular resistance and greater right-
to-left shunting. It should be noted, however, 
that many of these patients are polycythemic 
[ 106 ,  107 ] and thus may defend oxygen delivery 
despite very low arterial oxygen tension. In 
addition, since cardiac index is a more impor-
tant determinant of oxygen delivery than arterial 
oxygen content in these patients [ 108 ], those 
with preserved cardiac function may better tol-
erate high altitude. 

 Management recommendations for adult con-
genital heart disease patients traveling to high 
altitude are provided in Table  23.2 .   

    Hematologic Disorders 

    Thromboembolic Disease 

 Given the numerous reports documenting epi-
sodes of venous or arterial thrombosis at high 
altitude including lower extremity deep venous 
thrombosis [ 109 ], pulmonary embolism [ 56 ], 
cerebral venous thrombosis [ 110 ], portal system 
thrombosis [ 111 ], ischemic stroke [ 112 ], and 
popliteal artery thrombosis [ 113 ], the question 
arises as to whether high-altitude exposure pro-
vokes thromboembolic events. 

 To date, however, there is no compelling evi-
dence that risk of thromboembolic events is 
increased in normal individuals. In one of the few 
systematic studies using venous thromboembo-
lism as an end point, Anand et al. [ 114 ] retro-
spectively reviewed records from 20,257 military 
hospital admissions in India over a 3-year period 
and found a higher incidence of venous thrombo-
embolism among residents of high-altitude areas. 
Jha et al. [ 112 ] used a similar retrospective 
approach and reported a higher incidence of 
stroke in soldiers stationed at high altitude com-
pared to those at lower elevation, while Khalil 
and Saeed report that high-altitude exposure was 
the only risk factor for pulmonary embolism in 
50 % of Indian soldiers who developed pulmonary 
embolism [ 115 ]. Each of these studies, unfortu-
nately, has important methodological  limitations 
that make it diffi cult to draw conclusions about the 

risk of thromboembolism in short-term travelers 
to high altitude. 

 Other studies have tried to assess the risk of 
thromboembolic events at high altitude by exam-
ining changes in various coagulation parameters 
during hypoxic exposure, but they have yielded 
confl icting results regarding platelet count and 
function [ 116 – 118 ], bleeding time [ 119 ,  120 ], 
fi brinolytic activity [ 121 ,  122 ], and thrombin for-
mation [ 123 ,  124 ]. 

 Rather than hypoxia increasing the risk of 
thromboembolism in  all  individuals, it may be 
that hypoxia increases risk in those with underly-
ing coagulopathy. Schreijer et al. [ 125 ] exposed 
healthy individuals to hypobaric hypoxia equiva-
lent to 1,800–2,100 m in an aircraft and noted 
increased levels of thrombin-antithrombin com-
plexes only in those individuals with Factor V 
Leiden mutation and oral contraceptive use. 
Supporting a role for interaction between hypoxia 
and thrombophilia, many of the patients in the 
case reports noted above as well as some others 
were subsequently found to have protein C defi -
ciency [ 110 ], antiphospholipid antibody syn-
drome [ 126 ], hyperhomocysteinemia [ 127 ], or 
S-C hemoglobinopathy [ 128 ]. However, no fur-
ther studies have examined the relationship 
between hypoxia and thrombophilia, and, as a 
result, no defi nitive statements can be made about 
the risk of thromboembolic events in these 
patients at high altitude. 

 See Table  23.3  for recommendations regard-
ing patients with underlying coagulopathy during 
high-altitude travel.

       Hemoglobinopathy 

 High-altitude travel should be avoided in patients 
with sickle-cell anemia, as hypoxia predisposes 
to sickling and vaso-occlusive crises [ 129 ]. This 
problem has also been described with pressurized 
airplane fl ights or driving over mountain passes 
as low as 2,500 m [ 130 ]. The incidence of prob-
lems in patients with sickle-cell trait has not been 
well established, but two recent reports suggest 
these patients may also be at risk for splenic cri-
ses. Tiernan [ 131 ] described two Caucasian men 
with sickle-cell trait who developed splenic  crises 
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      Table 23.3    Recommendations for patients with hematologic disorders   

  Thromboembolic disease  
 • There is no need to screen for thrombophilia in asymptomatic persons prior to high-altitude travel 
 •  There is no indication for people with underlying coagulopathy who are not already on anticoagulation to start 

warfarin or clopidogrel for their high-altitude sojourn. Patients may consider starting an aspirin regimen 
 • Individuals on preexisting anticoagulation should continue their preexisting regimen at altitude 
 •  Patients on warfarin or dabigatran should limit activities in remote areas to reduce the risk of trauma and severe 

bleeding 
 •  Individuals on warfarin taking trips of greater than 1 week in duration should monitor prothrombin times during or 

immediately after their stay [ 190 ] 
 • Make efforts to maintain hydration and adequate mobility 
 •  Patients who develop arterial or venous thrombosis at high altitude should be screened for thrombophilia upon 

return to their home residence 

  Hemoglobinopathy  
 • Patients with sickle-cell disease should avoid travel to high altitude without supplemental oxygen 
 • Patients with sickle-cell trait may travel to high altitude but should: 
 – Maintain adequate hydration 
 –  Seek medical attention or descend with the onset of left-upper quadrant abdominal pain or left-sided pleuritic 

chest pain 

  Anemia  
 • Thalassemia seems to cause no complications at high altitude 
 • Consider packed red blood cell transfusion prior to high-altitude travel for patients with hematocrit <20 % 
 •  Anemic patients planning prolonged sojourns to high altitude (>2 weeks) should consider oral iron 

supplementation 
 •   Patients on EPO therapy staying at altitude >2 weeks should have close follow-up of hematocrit and EPO dosing 

  Polycythemia vera  
 •  Patients should maintain adequate hydration and mobility and consider low-dose aspirin to decrease risk of 

thrombotic events 
 •  PV patients with history of gastrointestinal complications should avoid high-dose aspirin or dexamethasone for 

management of acute altitude illness 
 • Patients should monitor hematocrit with high-altitude sojourns lasting more than 2 weeks 

at elevations between 2,700 and 2,900 m, while 
Franklin and Compeggie describe four cases of 
splenic syndrome that occurred during moderate 
exercise at altitudes between 1,675 and 3,660 m 
[ 132 ]. Sickle-cell disease patients are also at risk 
for developing pulmonary hypertension [ 133 ], 
which, as noted above, can predispose to HAPE. 

 Recommendations for patients with underly-
ing hemoglobinopathy are provided in Table  23.3 .  

    Anemia 

 Although anemia impairs oxygen delivery and 
would likely impair exercise performance, there 
are still no data in the literature to suggest that 
anemia increases the risk of high-altitude  illnesses 

and no data indicating which hematocrit levels are 
safe for high-altitude travel. Thalassemia, a com-
mon form of anemia worldwide, has not been 
reported to cause problems at altitude. 

 Patients using exogenous erythropoietin (EPO) 
for chronic anemia may need reduced doses at 
high altitude. Brookhart et al. [ 134 ] studied data 
from over 300,000 dialysis-dependent patients in 
the USA and found that patients living above 
1,800 m received 19 % less EPO and had higher 
hematocrits than patients living at sea level. These 
results agreed with those of an older, smaller 
study documenting decreased EPO requirements, 
but a higher incidence of thrombosis and hyper-
tension, in patients living at high altitude [ 135 ]. 

 Management recommendations for anemic 
patients are provided in Table  23.3 .  
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    Polycythemia Vera 

 Little is known about the response of individuals 
with polycythemia vera (PV) to high altitude. While 
a higher hematocrit could theoretically improve 
oxygen delivery in acute hypoxia, dehydration due 
to either inadequate fl uid intake or altitude-induced 
diuresis could lead to increased blood viscosity and 
worsening symptoms of their disease. While PV is 
associated with increased risk of thrombosis at sea 
level [ 136 ], it is unknown whether acute hypoxia 
increases the risk of thromboembolism further. PV 
patients are also at risk for gastrointestinal compli-
cations such as gastroduodenal erosions and peptic 
ulcer disease [ 137 ], which, as discussed further 
below, could increase the risk of gastrointestinal 
bleeding at high altitude. 

 A fi nal question for these individuals is 
whether acute hypoxia will lead to a rise in serum 
erythropoietin levels and, therefore, hematocrit, 
in the days following ascent. These individuals 
typically have been shown to have low serum 
erythropoietin levels at baseline [ 138 ], but no 
studies have examined whether these levels 
change in response to acute hypoxia. 

 Recommendations for PV patients at high alti-
tude are provided in Table  23.3 .   

    Diabetes Mellitus 

 Most of the available information on diabetic 
patients at high altitude derives from studies per-
formed during climbing expeditions to 
Kilimanjaro [ 139 ,  140 ], Cho Oyu [ 141 ], and 
Aconcagua [ 142 ]. These focus exclusively on 
patients with well-controlled Type I diabetes, and 
the literature contains little to no information 
about patients with poorly controlled Type I dis-
ease or Type II disease of any severity. As a 
result, caution must be applied in extrapolating 
the data to these patient groups. 

 Based on limited available information, it does 
not appear that Type I diabetes mellitus impairs 
well-being, adaptation, or exercise  performance at 
high altitude. None of the reports from the climb-
ing expeditions, for example, reported a differ-
ence in AMS incidence or Lake Louise AMS 

scores between diabetic and nondiabetic climbers 
[ 139 – 141 ]. A study of a general tourist popula-
tion at lower elevations between 1,900 and 
3,000 m also found no difference in AMS inci-
dence between those with and without either type 
of diabetes [ 26 ]. Healthy Type I diabetic patients 
also appear to have the capacity for normal venti-
latory and hematologic adaptation. Pavan et al. 
[ 143 ], for example, measured arterial blood gases 
and hematologic parameters at 3,700 or 5,800 m 
during an ascent of Cho Oyu and noted no differ-
ences in P a O 2 , PCO 2 , bicarbonate, and hematocrit 
between the healthy controls and Type I diabetic 
patients at either elevation. Finally, patients with 
Type I diabetes do have the capacity to ascend to 
extreme elevations as evidenced by the fact that 
in all but one of the expeditions noted above, dia-
betic patients successfully summited the peak in 
question with success rates similar to those of the 
healthy controls [ 140 – 142 ]. In one of the 
Kilimanjaro expeditions [ 139 ], none of the dia-
betic climbers summited, but it is diffi cult to attri-
bute this to their diabetes as there was a very low 
success rate among the healthy controls on this 
expedition as well. 

 Beyond adaptation and exercise performance 
is the question of what happens to insulin require-
ments and glycemic control with ascent to high 
altitude. Data on insulin requirements are mixed, 
as Moore et al. [ 139 ] reported reduced insulin 
requirements during an ascent of Kilimanjaro, 
while Pavan et al. [ 141 ] and Admetlla et al. [ 142 ] 
noted increased requirements during signifi cantly 
longer expeditions with different ascent rates on 
Cho Oyu and Aconcagua, respectively. Moore 
et al. [ 139 ] reported that about 50 % of the mea-
sured glucose values during their Kilimanjaro 
expedition fell outside the target range of 
6–14 mmol/L (108–252 mg/dL), while 4 of the 
15 climbers developed ketonuria. Pavan et al. 
[ 141 ] also reported an increase in hemoglobin 
A1C levels from 7 to 7.9 % over the course of a 
5-week expedition on Cho Oyu. Whether hemo-
globin A1C is elevated on high-altitude sojourns 
of shorter durations is not known. In addition, 
while hyperglycemia is a major concern, epi-
sodes of hypoglycemia have also been noted in 
several of these reports [ 139 ,  142 ]. 
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 Avoiding problems with hyper- and hypoglycemia 
at high altitude is made more diffi cult by the fact 
that it is unclear how well glucometers function 
this environment. Many early studies reported 
problems with glucometer accuracy in hypoxia 
[ 139 ,  144 – 147 ] with only a single report noting 
good reliability of glucometer measurements 
without adequate documentation to support this 
claim [ 142 ]. More recent studies suggest that later 
generation monitors may perform better than ear-
lier models. In particular, glucose dehydrogenase- 
based systems may perform better than glucose 
oxidase systems because the reaction pathway in 
the former does not involve oxygen [ 148 ,  149 ]. 

 Increasing numbers of diabetic patients are 
using insulin pumps rather than intermittent sub-
cutaneous injections in order to regulate their 
blood glucose levels. Only a single study has 
examined how well these devices function in 
hypobaric hypoxia. King et al. [ 150 ] examined 
ten insulin pumps during airplane fl ight with a 
200 mmHg decrease in barometric pressure as 
well as in a hypobaric chamber and noted that 
bubbles formed and expanded in the pumps 
tested in the hypobaric chamber. Excess insulin 
administration was noted to occur during the air-
plane fl ight, a fi nding the authors attributed to 
bubble formation and expansion which suggests 
that diabetic patients using pumps at high altitude 
may need to reduce their basal insulin rates or 
rely on intermittent injections when traveling at 
high altitude. 

 Finally, it is reasonable to question if dia-
betic patients are at increased risk for retinal 
hemorrhage at high altitude, which commonly 
affect normal individuals on trips to extreme 
altitude. Moore et al. [ 139 ] used ophthalmos-
copy and noted asymptomatic retinal hemor-
rhages in 2 of 15 diabetic climbers, one of 
whom had preexisting retinopathy, during an 
ascent of Kilimanjaro, while Leal et al. [ 151 ] 
performed retinography on 7 diabetic climbers 
ascending a 7,100-m peak and noted the devel-
opment of asymptomatic hemorrhages in only 
one climber, who also had preexisting diabetic 
retinopathy. The latter study may have underes-
timated the incidence of small hemorrhages, 
however, because 5 of the post- ascent studies 

were performed 2 weeks after the expedition. 
Overall, given the small number of patients in 
these studies, particularly those with preexist-
ing retinopathy, it is diffi cult to make broad 
claims about the risk of retinal hemorrhage in 
all diabetic patients. Exposure to high altitude 
should be avoided, however, in any patient with 
severe diabetic retinopathy [ 152 ]. 

 For those with less severe retinopathy who 
travel to high altitude, the question may arise as 
to whether use of aspirin or other nonsteroidal 
anti-infl ammatory medications for headache or 
AMS symptoms increases the risk of retinal hem-
orrhage. The risk does not appear to be increased 
at sea level [ 153 ,  154 ], but this question has not 
been studied at high altitude and it likely best to 
rely on acetaminophen for those with history of 
retinopathy. 

 Recommendations for managing diabetic 
patients before and during high-altitude travel are 
provided in Table  23.4 .

   Table 23.4    Recommendations for patients with diabetes 
mellitus   

 •  Increase frequency of glucose monitoring following 
ascent to high altitude 
 –  Due to concerns about glucometer performance, 

patients should not seek overly strict glucose 
control in early stages of their sojourn 

 •  Pretravel assessment is warranted to identify comorbid 
conditions (e.g., coronary artery disease) that could 
predispose to problems at high altitude 

 •  Patients should use more recent generation monitors 
that assess blood glucose levels based on the glucose 
dehydrogenase reaction 

 •  Patients using insulin pumps should consider 
decreasing their basal insulin rate or switching to 
intermittent subcutaneous injections during their high-
altitude stay until they learn more about how their 
pump functions at high altitude 

 •  Screening retinal exams should be considered before 
travel to sleeping elevations >4,000 m and travel 
avoided in patients with ischemic or proliferative 
retinopathy 

 •  Patients with diabetic retinopathy should avoid aspirin 
for treatment of headache or acute mountain sickness 

 •  Only well-controlled diabetics experienced with 
exercise at sea level should engage in vigorous exercise 
following ascent 

 •  Patients who opt for pharmacologic prophylaxis for 
AMS should avoid dexamethasone [ 184 ] 
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       Obesity 

 With the rising incidence of obesity in the 
general population, it is worthwhile to consider 
their possible risks at high altitude. Two studies 
showed that obese individuals may be at greater 
risk for developing AMS. Ri-Li et al. [ 155 ] 
exposed 9 obese and non-obese men to a simu-
lated altitude of 3,658 m for 24 h and noted that 
obese men had a higher incidence of AMS and 
lower oxygen saturation values during sleep 
than the non-obese men. Although this was a 
short duration chamber study, these results are 
in agreement with those of Honigman et al. [ 26 ] 
who found a higher incidence of AMS among 
obese members of a general tourist population 
traveling to altitudes between 1,920 and 
2,950 m. While these studies are highly sugges-
tive of a link between obesity and AMS, no pro-
spective studies have been conducted to further 
investigate this issue. It is also not clear from 
the existing studies the degree of obesity at 
which risk might increase. 

 In addition to concerns about AMS, there are 
also theoretical reasons why very obese indi-
viduals may be at increased risk for developing 
HAPE or other complications. These individu-
als often develop obesity hypoventilation syn-
drome, a disorder of ventilatory control that can 
result in pulmonary hypertension and right heart 
failure [ 156 ]. Given the large number of case 
reports documenting the occurrence of HAPE in 
individuals with various forms of pulmonary 
hypertension [ 5 ], there is concern that patients 
with obesity hypoventilation and underlying 
pulmonary hypertension would be at risk for 
this as well. The greater degree of alveolar 
hypoxia at high altitude may also trigger a fur-
ther rise in pulmonary artery pressures and 
induce right heart dysfunction, worsening dys-
pnea or ischemia [ 64 ]. 

 Table  23.5  summarizes recommendations for 
the management of obese patients before and 
during high-altitude travel.

       Gastrointestinal Diseases 

 Little information is available to provide 
guidance for those with underlying gastrointesti-
nal disorders such as prior gastrointestinal (GI) 
bleeding or liver disease. 

    Gastrointestinal Bleeding 

 Reports from construction of the Qinghai-Tibet 
Railroad suggest an increased risk of gastrointes-
tinal bleeding at altitude. Wu et al. [ 157 ] found a 
0.49 % incidence of hematemesis, melena, or 
hematochezia among 13,502 railroad workers 
between 3,500 and 4,900 m. Eighty-four percent 
of cases occurred within 3 weeks of arrival at 
high altitude, and the greatest incidence was seen 
at the highest elevations. Endoscopy performed 
on all affected individuals revealed gastric and 
duodenal ulcers, gastric erosions, and hemor-
rhagic gastritis. The authors found that concur-
rent use of alcohol, aspirin, and dexamethasone 
were risk factors for gastrointestinal bleeding, 
but this was not based on formal statistical analy-
sis. A few other reports have also documented GI 
bleeding at high altitude. Saito [ 158 ], for exam-
ple, noted upper gastrointestinal bleeding in 5 of 
52 Mt. Everest climbers, while Liu [ 159 ] reported 

   Table 23.5    Recommendations for obese patients   

 •  Obese patients should be counseled about the 
importance of slow ascent, acclimatization rules, and 
recognition of altitude illness 

 •  Individuals with obesity hypoventilation syndrome 
and/or pulmonary hypertension should avoid travel to 
high altitude. If such travel is necessary: 
 –  Individuals should travel with supplemental 

oxygen or a prescription that can be fi lled at high 
altitude 

 –  Individuals should monitor their oxygen 
saturation periodically during their stay at high 
altitude 

 •  Individuals on CPAP therapy for management of 
obstructive sleep apnea should continue such therapy 
at high altitude if access to power can be assured 
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that among Chinese soldiers stationed between 
3,700 m and 5,380 m for 1 year, the incidence of 
GI bleeding was 0.8 % among all patients and 
1.5 % among those patients with AMS. How this 
incidence rate compares to a similar population 
at sea level is not clear. 

 More recently, Fruehauf et al. [ 160 ] performed 
endoscopy on 26 asymptomatic climbers before 
and after ascent to 4,559 m over 22 h and noted 
gastric or duodenal erosions/ulcers, hemorrhagic 
gastritis or duodenitis, and refl ux esophagitis in 
28 % of individuals on day 2 and 61 % of indi-
viduals on day 4 at high altitude. None of these 
climbers had abnormalities on their pre-ascent 
endoscopy, and none experienced active gastroin-
testinal bleeding while at 4,559 m. This study and 
the others noted above do not establish a defi nitive 
link between hypoxia and gastrointestinal bleed-
ing, but do suggest that patients with poorly con-
trolled esophagitis, gastritis, or peptic ulcer 
disease or those taking long courses aspirin or 
other nonsteroidal anti-infl ammatory medications 
may be at risk for problems at high altitude.  

    Chronic Liver Disease 

 Although no formal studies have addressed the 
risk of high-altitude travel in patients with chronic 
liver disease, strong theoretical reasons why two 
groups of liver disease patients might have prob-
lems should be considered. Hepatopulmonary 
syndrome is marked by intrapulmonary shunts and 
affects up to 47 % of patients with cirrhosis [ 161 ]. 
These individuals have increased alveolar-arterial 
oxygen difference at baseline, which worsens with 
upright positioning. Given that intrapulmonary 
shunting is the reason for baseline hypoxemia, one 
would predict exaggerated hypoxemia at high alti-
tude, which would not improve with supplemental 
oxygen. Second, portopulmonary hypertension is 
a form of pulmonary arterial hypertension that 
occurs in up to16% of patients with cirrhosis and 
portal hypertension [ 162 ]. Given the numerous 
case reports and case series suggesting that patients 
with underlying pulmonary hypertension are at 

risk for HAPE at high altitude, there is  reason to 
suspect portopulmonary hypertension patients 
might be at risk as well. No cases have been 
 documented in the literature thus far, but Bogaard 
et al. [ 163 ] have reported an individual who 
 developed hemoptysis and dyspnea at 2,700 m 
and was found upon further evaluation at sea 
level to have pulmonary hypertension (PA pres-
sure 80/30 on right heart catheterization) and 
Abernethy  malformation, a form of persistent 
portosystemic shunt. Chest imaging was not 
obtained at high altitude but the history is highly 
suggestive of HAPE. 

 Recommendations for the management of 
patients with gastrointestinal bleeding or chronic 
liver disease are provided in Table  23.6 . 
Recommendations regarding the choice and dose 
of medication for prophylaxis or treatment of 
acute altitude illness are provided in Table  23.10 .

   Table 23.6    Recommendations for patients with 
 gastrointestinal disease   

  Gastrointestinal bleeding  
 •  No data indicate that travelers with history of upper 

GI bleeding should use ulcer prophylaxis during a 
high-altitude sojourn 

 •  Travelers with history of upper GI bleeding should 
avoid nonsteroidal anti-infl ammatory medications and 
aspirin and rely on acetaminophen to treat headaches 
or musculoskeletal pain 

 •  Travelers with history of upper GI bleeding who opt 
to use pharmacologic prophylaxis for AMS should 
avoid dexamethasone [ 191 ,  192 ] 

  Chronic liver disease  
 •  Chronic liver disease patients should be screened for 

portopulmonary hypertension and hepatopulmonary 
syndrome, and high-altitude travel should be avoided 
in people with those conditions 

 •  Portopulmonary hypertension patients who must 
travel to high altitude should travel with supplemental 
oxygen and use nifedipine or a phosphodiesterase 
inhibitor 

 •  Hepatopulmonary syndrome patients who must travel 
to high altitude should monitor oxygen saturation 
following ascent [ 184 ] 

 •  Acetazolamide is contraindicated in chronic liver 
disease due to increased risk of hepatic 
encephalopathy [ 184 ] 
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        Chronic Kidney Disease 

 A number of theoretical concerns should be 
considered in patients with chronic kidney disease 
who want to travel to high altitude. Renal insuffi -
ciency, for example, impairs urinary concentra-
tion and dilution capacity, and thus, these patients 
may be at risk for volume depletion or volume 
overload. In one of the few studies of kidney 
patients at high altitude, Mairbaurl et al. [ 164 ] 
demonstrated that dialysis-dependent patients had 
greater weight gain between dialysis sessions at 
2,000 m compared to 576 m. Volume overload 
may increase risk for pulmonary edema or AMS. 

 Chronic kidney disease patients may have 
blunted erythropoietic responses to high altitude. 
Several studies have, in fact, shown little to no 
change in hemoglobin concentration, EPO pro-
duction, and reticulocyte count over 2 weeks at 
altitudes between 2,000 and 4,600 m [ 165 – 167 ]. 
Interestingly, despite the blunted erythropoietic 
responses at high altitude, chronic kidney disease 
patients on exogenous EPO therapy require lower 
doses than at sea level and may be at risk for more 
thrombotic events and hypertension [ 134 ,  135 ]. 

 While low hematocrit might be tolerated at 
low elevation, the blunted hematologic response 
at high altitude could decrease oxygen delivery 
and limit exercise capacity. At the same time, 
many patients with chronic kidney disease have a 
metabolic acidosis, which may stimulate minute 
ventilation, increase alveolar and arterial PO 2 , 
and theoretically protect against AMS. This issue 
has not been systematically studied. 

 Finally, 40 % of patients with chronic kidney 
disease have mild to moderate pulmonary hyper-
tension [ 168 ], which, as noted above, may pre-
dispose to HAPE, particularly if individuals also 
have impaired ability to make urine and regulate 
their volume status. 

 Identifying which patients are at risk for these 
problems based solely on creatinine clearance or 
glomerular fi ltration rate (GFR) is diffi cult as the 
degree of impaired concentrating or    diluting 
capacity, metabolic acidosis, or anemia will vary 
based on the type of disease (glomerular versus 

interstitial), the patient’s medication regimen, 
and other factors. Nevertheless, as patients 
approach Stage IV (GFR 15–30 mL/min) or 
Stage V (GFR < 15 mL/min) chronic kidney dis-
ease, these problems are likely to increase and 
caution should be advised for high-altitude travel. 

 Recommendations for the management of 
chronic kidney disease patients at high altitude 
are summarized in Table  23.7  and have also been 
reviewed elsewhere [ 169 ]. Recommendations for 
medication choices and dose adjustments in the 
management of acute altitude illness are provided 
in Table  23.10 .

       Ophthalmological Conditions 

    Surgery to Correct Refractive Errors 

 The risk of high-altitude travel in patients who 
have undergone surgery to correct refractive 
errors will vary based on the particular proce-
dure. Patients with a history of radial keratotomy 
(RK) may be at particular risk. Hypoxia of high 
altitude causes uneven swelling of the cornea in 
post-RK eyes, which, in turn, leads to hyperopic 
(far-sighted) shifts that can markedly impair 
vision. These changes may occur at altitudes as 
low as 3,000 m and generally develop after more 
than 24 h at a given altitude [ 152 ]. Further stud-
ies suggest that an alternative correction proce-
dure, photorefractive keratectomy (PRK), is 
much better for patients going to high altitude. 

   Table 23.7    Recommendations for patients with chronic 
kidney disease   

 •  No clear indications for routine pharmacologic 
prophylaxis against high-altitude illness in patients 
with chronic kidney disease 

 •  When pharmacologic prophylaxis is indicated, 
selection and dose of medications should be adjusted 
based on renal function (Table  23.10 ) [ 184 ] 

 •  Patients should monitor body weight closely and 
travel with a prearranged plan for altering diuretic 
regimen for weight gain or fl uid retention 

 •  Patients on chronic EPO therapy should have close 
follow-up of their hematocrit and EPO dosing with 
prolonged high-altitude sojourns (>2–4 weeks) 
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Hypoxia also causes corneal swelling in 
PRK-treated eyes, but the swelling is uniform 
throughout the cornea and, as a result, no refrac-
tive changes occur [ 170 ]. 

 RK and PRK have largely been supplanted by 
another refractive procedure, laser-assisted in 
situ keratomileusis (LASIK), and the available 
data suggest that although some blurring of 
vision may occur in hypoxia, ascent to extreme 
elevations may still be tolerated following this 
procedure. In a controlled study using goggles to 
simulate a hypoxic environment around the eyes, 
Nelson et al. [ 171 ] demonstrated small myopic 
shifts in LASIK corneas. Several case reports 
[ 172 ,  173 ] have documented similar myopic 
shifts at altitudes above 5,500 m (~18,000 ft), 
although the climbers in each of these reports still 
reached their summit objectives. Dimmig and 
Tabin [ 174 ] reported subjective visual experi-
ences on 12 post-LASIK eyes in 6 Mount Everest 
climbers who all ascended above 7,900 m, with 4 
of them reaching the 8,850 m summit. Five of the 
six climbers had no visual changes up to 8,000 m. 
Three summiteers reported perfect vision on the 
summit, while two reported blurred vision at 
8,200 and 8,700 m, respectively, which improved 
with descent. The time between LASIK surgery 
and the climb does not appear to have played a 
role in these cases, as the climbs were from 6 
weeks to 3 years after surgery. Climbers with 
 history of LASIK or PRK should be aware that 
both procedures may cause or exacerbate dry eye 
problems. Since the lower humidity could lead to 
contact lens intolerance [ 152 ], this issue should 
be addressed prior to travel to high altitude. 

 Recommendations for patients with a history 
of or planning to have refractive surgery are pro-
vided in Table  23.8 . Information about travel 
with other ocular disorders at high altitude has 
been reviewed elsewhere [ 152 ].

       Intraocular Pressure and Glaucoma 

 Variable results have been reported regarding the 
effect of high altitude on intraocular pressure with 
studies reporting an increase, decrease, or no 
change [ 175 – 177 ]. The reasons for these discrep-
ant results are unclear but may result from failure 
of most studies to correct for changes in corneal 
thickness or account for the effects of cold and 
exercise, differences in measurement techniques, 
and the altitudes at which the studies were con-
ducted. Somner et al. [ 178 ] corrected for many of 
these issues in their study of 76 individuals who 
ascended to 5,200 m without exertion and docu-
mented a statistically signifi cant, but clinically 
insignifi cant increase in IOP from 11.4 mmHg at 
sea level to 12.4 mmHg at 5,200 m. IOP eventually 
decreased below sea level values by day 7, and 
there was no relationship noted between IOP and 
development of AMS or high- altitude retinopathy. 

 There is no evidence that high-altitude expo-
sure provokes episodes of acute narrow angle 
glaucoma or worsens open angle glaucoma. 
However, hypoxia at high altitude could increase 
optic nerve damage in patients whose IOP is ele-
vated at the time of their sojourn. Commonly used 
to prevent acute altitude illness, acetazolamide 
may have the added benefi t in these patients of 
decreasing intraocular fl uid production and 
thereby helping limit any rise in IOP [ 152 ].   

    Neurologic Conditions 

 A variety of common neurologic conditions may 
affect travelers to high altitude. A complete dis-
cussion of all the potential disorders is available 
elsewhere [ 1 ,  179 ], while some of the more com-
mon underlying disorders, headaches and sei-
zures, are considered below. 

    Headaches 

 Individuals who experience frequent headaches at 
sea level are not predisposed to headaches follow-
ing ascent to high altitude but may be at risk for 
increased severity of headaches when they do, in 

   Table 23.8    Recommendations for patients with or 
 planning refractive surgery   

 Individuals planning refractive surgery prior to high-altitude 
travel should opt for LASIK or PRK rather than RK 
 Individuals with history of RK traveling to altitudes 
>5,000 m should travel with glasses with increasing plus 
power to compensate for hyperopic shifts 
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fact, occur [ 180 ]. In addition to the fact that hypoxia 
may trigger migraine headaches in people with a 
known history of the disorder [ 181 ], both anecdotal 
reports [ 1 ] and more systematic studies [ 182 ] sug-
gest that a history of migraine headaches may pre-
dispose to acute altitude illness following ascent. 
Migraine attacks may also be more severe at high 
altitude and may be accompanied by focal neuro-
logic defi cits [ 183 ]. It may be diffi cult to distin-
guish a migraine headache from the headache 
associated with AMS, but the presence of aura, 
resemblance of symptoms to those of migraines at 
sea level, and the presence of focal neurologic defi -
cits would suggest the individual is experiencing a 
migraine headache and may, as a result, require dif-
ferent treatment than would be used for AMS.  

    Seizures 

 People taking medications for known seizure disor-
der are not at risk for increased frequency or sever-
ity of seizures following ascent to high altitude, 
although there are several unpublished reports of 
seizures occurring in individuals with a remote his-
tory of seizures or who were subsequently diag-
nosed with an underlying seizure disorder following 
their return to sea level [ 179 ]. Patients with well-
controlled seizure disorders can trek or do other 
activities at high altitude but should avoid technical 
climbing due to the risk posed to the climber and 
his/her partner should a seizure occur while on the 
climbing route. Patients using topiramate for sei-
zure prophylaxis should avoid concurrent use of 
acetazolamide as topiramate also has carbonic 
anhydrase activity and combined use of the medi-
cations can result in nephrolithiasis [ 184 ]. 

 Recommendations for the management of 
various forms of neurologic disease at high alti-
tude are summarized in Table  23.9 .

        Raynaud’s Phenomenon and 
Collagen Vascular Diseases 

 Raynaud’s phenomenon is a disorder of vasomo-
tor control associated with episodic pallor or cya-
nosis of distal extremities due to vasospasm and 

limitations in arterial blood fl ow which occurs 
either in isolation (primary Raynaud’s phenome-
non) or in association with collagen vascular 
 diseases such as scleroderma. Given the patho-
physiology of the disorder, concern has been 
raised about the safety of high-altitude travel in 
Raynaud’s phenomenon patients, particularly 
when such travel is associated with cold expo-
sure. Some sources [ 185 ] warn about the possi-
bility of increased frequency and severity of 
attacks in this environment, but data supporting 
this claim are limited. 

 A recent study [ 186 ] examined this question 
in greater detail by surveying 142 people with 
Raynaud’s phenomenon who travel to high alti-
tude during the winter and summer months. 
Respondents reported spending between 5 and 7 

   Table 23.9    Recommendations for patients with neurologic 
disorders   

  Migraine headaches  
 •  Individuals should continue their normal migraine 

prophylaxis 
 •  Headaches that are different in character than normal 

migraines or do not respond to standard treatment 
should be treated as AMS 

 •  A trial of oxygen breathing may help distinguish 
migraine from high-altitude headache 

  Cerebrovascular diseases  
 •  Patients with recent transient ischemic attack or 

cerebrovascular accident (<90 days) should avoid 
high altitude 

 •  Patients on warfarin, dabigatran, or clopidogrel 
should limit activities in remote areas to reduce the 
risk of trauma and severe bleeding 

 •  Patients on warfarin therapy planning a prolonged 
sojourn (>1 weeks) should obtain follow-up 
prothrombin times during or immediately following 
their stay at altitude 

 •  Patients with known, unsecured intracranial 
aneurysms or AVM should avoid exertion at high 
altitude 

  Seizures  
 •  Patients on preexisting antiseizure medications should 

continue those medications at high altitude 
 •  Patients not currently on antiseizure medications 

should consider restarting prior medications during a 
prolonged high-altitude sojourn (>2 weeks) due to 
theoretical concerns about unmasking seizure 
disorders 

 •  Patients should limit concurrent use of acetazolamide 
and topiramate to 3–5 days [ 184 ] 
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days per month above 2,440 m (8,000 ft) and 
engaging in a wide variety of activities. Eighty- 
nine percent of respondents, in fact, reported par-
ticipation in winter sports and only 22 % reported 
changing their pattern of activities at high alti-
tude due to their Raynaud’s phenomenon. There 
was considerable heterogeneity in the respon-
dents’ perceptions of the frequency, duration, and 
severity of attacks at high altitude compared to 
their home elevation, but the study suggests that 
by using a variety of preventive and treatment 
strategies, these individuals are able to tolerate 
travel to and activity in this environment. Ninety- 
eight percent of the respondents in this survey 
had primary Raynaud’s phenomenon, however, 
and the conclusions cannot be extended to those 
with secondary disease. In the study, 15 % of 
respondents also reported a history of frostbite at 
high altitude. There was no control group to 
determine if this rate is increased relative to the 
general population exposed to similar conditions. 
In addition, the data are limited by the fact that it 
was based on self-report; nonetheless, this study 
suggests that Raynaud’s patients must be vigilant 
about preventing this problem in high and cold 
environments. 

 There are no data regarding the risk of high- 
altitude travel in other forms of collagen vascular 
diseases such as scleroderma or systemic lupus 
erythematosus.  

    Pregnancy 

 The safety of travel to altitude during pregnancy 
has been reviewed elsewhere [ 1 ,  187 ]. This ques-
tion has not been extensively studied but the avail-
able evidence and clinical experience suggest that 
travel to modest elevations of 3,000 m is safe and 
well tolerated at all stages of uncomplicated preg-
nancy. Travel into remote areas and exertion at lev-
els greater than those done at home should be 
avoided, as should travel to high altitude with 
high-risk pregnancies, such as hypertension or pla-
cental insuffi ciency. Care should be taken to avoid 
altitude illness as worsening hypoxemia during 
HAPE, for example, could lead to more clinically 
signifi cant fetal hypoxemia. Slow ascent is pre-

ferred to pharmacologic prophylaxis for this pur-
pose, but altitude illness medications can be used 
if truly necessary. Recommendations for travel to 
high altitude during pregnancy are provided in 
Table  23.10 , while the safety of altitude illness 
medications in pregnant or lactating women is 
described in Table  23.13 .

       Preexisting Medical Conditions and 
Altitude Illness Medications 

 A variety of medications including acetazol-
amide, dexamethasone, nifedipine, phosphodi-
esterase inhibitors, and salmeterol are used in 
the prevention and treatment of high-altitude 
illness. It is noteworthy that the effi cacy and 
safety of these medications has largely been 
established based on studies with only healthy 
individuals. Many underlying medical condi-
tions, however, affect medication choices or 
cause potential adverse drug interactions. For 
example, patients with liver disease should 
avoid acetazolamide, while patients with 
chronic kidney disease may need a lower dose 
of the medication or may need to use dexameth-
asone for AMS prevention, depending on their 
creatinine clearance. A full discussion of these 
medication issues is provided elsewhere [ 184 ], 
and a summary of these recommendations is 
provided in Tables  23.11  and  23.12 . The safety 
of these medications in pregnant women is 
described in Table  23.13 .

      Table 23.10    Recommendations for pregnant patients   

 Patients should have a checkup, including possible 
ultrasound, to ensure that the pregnancy is low risk 
 High-altitude travel should be avoided in any 
complicated or high-risk pregnancy 
 Sleeping altitudes >3,000 m should probably be avoided 
 Avoidance of altitude illness through proper 
acclimatization is important 
 Patients should avoid trauma during skiing, cycling, 
climbing, or other activities 
 Patients should exercise at levels lower than at home and 
avoid overexertion 
 Patients should maintain adequate hydration 
 Patients should avoid travel into remote areas 
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   Table 23.11    Dose adjustments for altitude illness medications in patients with underlying renal and liver disease   

 Medication  Renal insuffi ciency  Hepatic insuffi ciency 

 Acetazolamide  Avoid use in patients with GFR < 10 mL/min, 
metabolic acidosis, hypokalemia, hypercalcemia, and 
hyperphosphatemia or recurrent nephrolithiasis 

 Acetazolamide use is contraindicated 

 Dexamethasone  No contraindication and no dose adjustments 
necessary 

 No contraindication and no dose 
adjustments necessary 

 Nifedipine  No contraindication and no dose adjustments 
necessary 

 Best to avoid. If use is necessary, 
give at reduced dose (10 mg BID) 

 Tadalafi l  Dose adjustments necessary if GFR < 50 mL/min; If 
GFR 30–50 mL/min, use 5 mg dose, maximum 10 mg 
in 48 h; If GFR < 30 mL/min, no more than 5 mg 

 Child’s Class A and B: maximum 
10 mg daily 
 Child’s Class C: Do not use tadalafi l 

 Sildenafi l  Dose adjustments necessary if GFR < 30 mL/min  Dose reductions recommended. 
Starting dose 25 mg TID 
 Avoid use in patients with known 
esophageal or gastric varices 

 Salmeterol  No contraindication and no dose adjustments 
necessary 

 Insuffi cient data. Best to avoid the 
medication in these patients 

   Table 23.12    Important considerations in the selection of altitude illness medications for patients with underlying 
medical issues   

 Medication  Other major dosing issues 

 Acetazolamide  Avoid in patients on chronically high doses of aspirin 
 Avoid in patients with ventilatory limitation (FEV 1  < 25 % predicted) 
 Caution in patients with documented severe sulfa allergy 
 Limit concurrent use with topiramate and ophthalmic carbonic anhydrase inhibitors to 3–5 days 

 Dexamethasone  Expect elevated blood glucose values when used in diabetic patients 
 Avoid in patients at risk for peptic ulcer disease or upper gastrointestinal bleeding 
 Caution in patients at risk for amoebiasis or strongyloidiasis 

 Nifedipine  Caution in patients taking medications metabolized by CytP450 3A4 and 1A2 pathways 
 Caution during concurrent use with other antihypertensive medications 

 Tadalafi l and 
sildenafi l 

 Increased risk of gastroesophageal refl ux 
 Caution in patients taking medications metabolized by CytP450 3A4 pathway 
 Avoid concurrent use of nitrates or alpha-blockers 

 Salmeterol  Potential for adverse effects in patients with coronary artery disease prone to arrhythmia 
 Avoid concurrent use of beta-blockers 
 Avoid concurrent use of monoamine oxidase inhibitors or tricyclic antidepressants 

    Table 23.13    Use of high-altitude medications in pregnant or lactating women   

 Medication  Safety during pregnancy  Safety during breast-feeding 

 Acetazolamide  Category C  Not established 
 Dexamethasone  Category C  Debate about safety a  
 Nifedipine  Category C  Compatible 
 Tadalafi l  Category B  Not established 
 Sildenafi l  Category B  Not established 
 Salmeterol  Category C  Not established 

  Pregnancy Category B: presumed safe based on studies in animals but no data from humans 
 Pregnancy Category C: no human studies demonstrating harm but animal studies show evidence of 
teratogenicity 
  a Some sources claiming compatibility with breast-feeding [ 193 ], while others recommend against 
use in this situation [ 194 ]  
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         Conclusions 

 With the large number of people traveling to 
high altitude, clinicians are increasingly being 
asked to evaluate the safety of such travel in 
patients with underlying medical conditions. 
A slowly growing body of literature provides 
some insight into how to approach patients 
with underlying conditions but signifi cant gaps 
in our knowledge remain, and considerably 
more research is warranted to clarify the risks 
and appropriate management in these travelers. 
Until such information is available, a careful 
approach emphasizing the current data and an 
understanding of the pathophysiology of the 
underlying disease and its interactions with the 
hypoxia-induced physiologic changes at high 
altitude will be vital to ensure a safe sojourn 
for the aspiring traveler.     
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  ACC.    See  Acetyl-CoA-carboxylase (ACC)  
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 lactate metabolism , 308, 309  
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  ACE.    See  Angiotensin-converting enzyme (ACE)  
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 carbonic anhydrase inhibitor , 392  
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  Acetylcholine , 39   
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  Acid-base regulation , 197   

  Acid-base status 
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 chemoreceptors , 48  
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 pyruvate dehydrogenase production , 47   
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 cerebral hemodynamic , 150–151  
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 prevention and treatment , 393–394  

 subclinical ataxia , 381   
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  AHR.    See  Acute response to hypoxia (AHR)  
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 and CMS , 435  
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 density , 62  

 measurements , 63  
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  ANP.    See  Atrial natriuretic peptide (ANP)  

  Antidiuresis , 223   

  Anti-diuretic hormone (ADH) , 223   

  Antioxidants 
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 dietary , 389, 393  

 lipid-soluble , 393  
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  Antiphospholipid antibody syndrome , 461   
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  Apoptosis , 208, 209   

  Appetite , 260, 261, 290, 297   

  aPTT.    See  Activated partial thromboplastin 
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  Aquaporin-2 , 220   
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  Ascent rate , 380, 381, 393   
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  Autonomic nervous system 
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 autonomic activity , 172–173  
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  Basal metabolic rate , 260   

  BBB.    See  Blood–brain barrier (BBB)  

  Benzodiazepine , 336   
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  Bicarbonate , 218, 221, 227–228   
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 genetic and developmental factors , 344  
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 integrity and vasogenic oedema , 389–390  
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  Blood pressure variability 
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 humans , 175–176  
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  B-lymphocyte , 277   

  BNP.    See  Brain natriuretic peptide (BNP)  

  Brain natriuretic peptide (BNP) , 224   

  Breast feeding , 343   

  Brisket disease , 86   
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 characteristics , 411  
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  BTG.    See  Beta-thromboglobulin (BTG)  
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  Cachexia , 292–293, 296–297   

  CAD.    See  Coronary artery disease (CAD)  
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 intracellular , 87  
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 signaling , 90   

  Caloric expenditure , 297   

  Cancer , 279–280   

  Candidate gene 

 analyses , 370  
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 pulmonary vascular tone , 370   
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  Carbohydrate (CHO) 

 digestion and absorption , 254–255  

 energy intake, urine and fecal energy wastage , 257  
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 monosaccharide absorption , 257  

 sugar (xylose) absorption , 256–257   

  Carbon dioxide 

 hypoadditive O 2  interaction , 46–47  

 production , 46  

 response curve , 39  

 sensitivity, carotid bodies role , 46–47   

  Carbon dioxide retention 
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 ventilatory impairment , 451   

  Carbon monoxide (CO) , 88, 219, 226   

  Cardiac contraction.    See  Systolic function  

  Cardiac fi lling pressure , 112   

  Cardiac function 

 acute and sustained hypoxia , 125–126  
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 submaximal exercise, acute hypoxia , 119–120  

 submaximal exercise, sustained hypoxia , 121–123  

 sustained hypoxia , 109–115  
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 maximal exercise , 126  

 reductions , 118, 122, 124, 125  
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 and SV , 115, 117, 122   

  Cardiac relaxation.    See  Diastolic function  

  Cardiopulmonary innervation 

 cervical vagotomy studies , 227  

 exercise , 228–229  

 hemodynamic , 226–227  

 hypobaria , 228  

 hypocapnia , 227–228  

 intrathoracic volume and pressure , 227   

  Cardiovascular disorders 

 arrhythmia , 458  

 CAD   ( see  Coronary artery disease (CAD)) 

 congenital heart disease , 460–461  

 heart failure   ( see  Heart failure) 

 hypertension , 458   

  Cardiovascular system 

 acute hypoxia   ( see  Acute hypoxia) 

 central and peripheral components , 103  

 hemodynamic changes , 104  

 high altitude residents , 182  

 high-altitude residents and populations , 126–128  

 normobaric hypoxia , 176–177  

 sustained hypoxia   ( see  Sustained hypoxia)  

  Carnitine palmitoyl carboxylase , 290   
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  Carotid body 

 afferent input , 38  

 changes, morphological , 44  

 CNS role , 44–46  

 CO 2  sensitivity , 46–47  

 dopaminergic mechanisms , 40  

 hypoxia , 39, 40  

 morphological and biochemical adaptations , 39–40  

 neurochemical and membrane ion channel 

adaptations , 40–44  

 neurotransmitter , 41  

 noradrenergic/adrenoceptor mechanisms , 40  

 oxygen sensing , 39–40  

 sensitivity , 38, 41, 43, 46–47  

 superoxide anion production , 41  

 VAH, role , 38–39   

  Catecholamines , 179–180, 183   

  CBF.    See  Cerebral blood fl ow (CBF)  

  Central chemoreceptor 

 acid-base status role , 47–48  

 hypoadditive O 2 -CO 2  interaction , 46   

  Central fatigue , 310–311   

  Central nervous system 

 acute and chronic high altitude exposure , 273  

 HPA , 272  

 SNS , 272  

 stress , 272, 273   

  Central sleep apnea , 335   

  Cerebral autoregulation , 145, 151–153   

  Cerebral blood fl ow (CBF) 

 AMS , 383  

 arterial blood gases , 144, 145  

 autoregulation , 145  

 cerebral perfusion pressure , 142–143  

 CSF , 383  

 endogenous mediators , 144  

 measurement , 396  

 metabolism , 145–146  

 oxygen consumption , 142  

 PaO 2  , 142  

 Poiseuille’s law , 142  

 regional , 388  

 regulatory/active mechanisms , 142, 143  

 resistance vessels , 143  

 sympathetic nerve activity , 145  

 systemic factors , 146  

 vasodilators and vasoconstrictors , 143   

  Cerebral metabolism , 145–146, 152   

  Cerebral oxygenation , 157–158   

  Cerebral venous thrombosis , 160–161, 461   

  Cerebrospinal fl uid (CSF) 

 changes , 383  

 cranial , 390  

 CSF–blood concentration , 383, 389  

 pH , 149   

  Cerebrovascular reactivity , 150–152   

  Cerebrovascular resistance , 143, 145, 146   

  CF.    See  Cystic fi brosis (CF)  

  CFTR.    See  Cystic fi brosis transmembrane regulator (CFTR)  

  CGRP.    See  Calcitonin gene-related peptide (CGRP)  

  Chemoreceptors , 173–174   

  Chemorefl ex , 106, 116   

  Child development , 341   

  Children 

 breathing , 330, 331  

 prevalence, AMS , 381  

 preverbal , 381, 457   

  Chorionic gonadotropin , 343   

  Chronic kidney disease , 467, 470   

  Chronic liver disease , 466   

  Chronic lung disease , 457   

  Chronic mountain sickness (CMS) 

 age , 435–436  

 and air pollution , 435  

 autonomic nervous system and cerebral 

hemodynamics , 439  

 chemoreceptors , 432  

 clinical and epidemiological aspects , 430  

 CMS , 439–441  

 CO 2  , 432  

 description , 430  

 endocrine function , 438–439  

 erythrocytosis and erythropoietin , 433–434  

 gender differences , 436  

 genetics , 439–441  

 geographical distribution , 431  

 Hct , 433  

 high altitude , 429  

 HVR , 432  

 hypoventilation , 433  

 kidney function , 437–438  

 laboratory aspects , 430–431  

 and metals , 436–437  

 pathophysiological sequence , 431–432  

 pulmonary artery pressure and erythrocytosis , 438  

 and pulmonary dysfunction , 434–435  

 respiratory chemoreceptor , 432  

 resting blood pressures , 182  

 susceptibility , 363  

 symptoms and signs , 430  

 treatment and prevention , 441–442   

  Chronic obstructive pulmonary disease (COPD) 

 effects , 450  

 hypoxemia , 451  

 oxygenation , 451   

  Chuvash polycythemia , 42–43   

  Ciprofl oxacin , 266   

  Citrate synthase , 199   

  Closing volume (CV) 

 ascent profi le , 60, 61  

 subclinical edema , 60–61   

  CMS.    See  Chronic mountain sickness (CMS)  

  CO.    See  Cardiac output (CO)  

  Coagulation 

 activation , 213  

 d-dimer , 213  

 factor V Leyden , 212  

 mechanisms , 213–214  

 placebo-controlled study , 212  

 thrombin/fi brin formation , 212   
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  Cobalt , 436–437   

  Cold , 279   

  Cold pressor test , 174, 176   

  Collagen vascular diseases , 469–470   

  Colon , 255, 262   

  Coma , 385   

  Compliance 

 lung , 65–66  

 pulmonary , 351   

  Computed tomographic (CT) imaging , 383, 386   

  Congenital absence of pulmonary artery 

 and SaO 2  , 409  

 systolic , 416  

 unilateral absence , 416   

  Congenital heart disease , 460–461   

  Continuous positive airway pressure (CPAP) , 456   

  Contractility 

 function , 106, 109, 112  

 pulmonary capillary wedge pressure , 122   

  Controller gain , 330   

  COPD.    See  Chronic obstructive pulmonary disease 

(COPD)  

  Copper , 437   

  CO 2  reserve , 330, 332   

  Cornea , 467, 468   

  Coronary artery disease (CAD) 

 exercise and hypoxemia , 457  

 patients management, planning , 458, 459  

 revascularization , 457   

  Coronary circulation , 117, 126   

  Cor pulmonale , 86, 95, 455   

  Cortex , 219   

  Cortisol , 224–225, 272   

  CPAP.    See  Continuous positive airway pressure (CPAP)  

  Cranial nerve palsy , 161   

  Creatine , 311   

  Creatine phosphate , 311   

  CREB.    See  Cyclic AMP response element binding 

protein (CREB)  

  CSF.    See  Cerebrospinal fl uid (CSF)  

  CT imaging.    See  Computed tomographic (CT) imaging  

  CV.    See  Closing volume (CV)  

  Cyclic AMP response element binding protein (CREB) 

 hypoxic activation , 27  

 intracellular cAMP , 27  

 VEGF , 27   

  Cyclo-oxygenase , 219   

  Cystic fi brosis (CF) , 455   

  Cystic fi brosis transmembrane regulator (CFTR) , 413   

  Cytochrome oxidase 

 binuclear center , 11  

 CO interaction , 13  

 electron transport , 12  

 isoform , 12  

 mitochondrial , 5, 11  

 oxygen binding , 12   

  Cytokines 

 crobial peptides and apoptosis , 275  

 expression , 90  

 HPV modulation , 89  

 and neutrophil chemotactic factors , 410  

 proinfl ammatory , 41–42  

 signaling molecules , 275–276   

  Cytotoxic edema , 155, 391–392    

  D 
  D-dimer , 213   

  Deep venous thrombosis , 461   

  Dehydroepiandrosterone , 241, 246   

  Delirium , 386   

  Dendritic cell (DC) , 275   

  Deoxyribonucleic acid (DNA) 

 haplotypes , 367  

 maternal and paternal , 358  

 mitochondrial , 365, 370   

  Developmental origins of adult disease 

 experimental animal studies , 351  

 low birth weight , 350  

 pathogenesis, pre-eclampsia , 351  

 restricted diet , 351   

  Dexamethasone 

 HAPE prophylaxis , 419  

 hypoxic mice , 418  

 salmeterol , 414   

  Dexamthasone , 155   

  Diabetes mellitus 

 adaptation and exercise performance , 463  

 insulin pumps , 464  

 recommendations, patients , 464  

 retinal hemorrhage , 464  

 Type I , 463   

  Diarrhea , 265, 267   

  Diastolic function 

 blood and plasma volume , 114  

 “compensated diastolic dysfunction” , 114  

 diastasis, early and late fi lling , 113  

 LVEDV , 114, 115  

 role, right ventricle , 114   

  Dichloroacetate (DCA) dose , 47–48   

  Diffusing capacity for carbon (DLCO) 

 measurements , 62  

 subclinical pulmonary edema , 61   

  Diffusion limitation 

 AaDO 2  , 72  

 effect, decreasing barometric pressure , 71, 72   

  Digestion 

 carbohydrates , 254–257  

 fat , 257–258  

 protein , 258–259   

  Digoxin-like substance , 225   

  2-3 diphosphoglycerate , 204   

  Diuresis 

 adrenal-like steroids , 225  

 characteristic , 218  
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  DNA.    See  Deoxyribonucleic acid (DNA)  
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  Eclampsia , 347   

  EE.    See  Excessive erythrocytosis (EE)  

  EIB.    See  Exercise induced bronchoconstriction (EIB)  

  Electron transport chain 

 mitochondrial , 12  

 nitrite binding , 11  

 oxygen supply , 4  

 proteins , 17  

 redox state , 13  

 ROS generation , 13   

  Emesis , 465   

  ENaC.    See  Epithelial sodium channel (ENaC)  

  Enalapril , 442   

  Endocrine function 

 blood glucose, insulin and glucagon , 241  

 calcium and phosphate balance , 240  

 classifi cation , 237  

 endothelin , 243–244  

 growth hormone , 244–245  

 hormonal changes, rest and exercise , 247  

 hypothalamic factors , 246, 247  

 leptin and ghrelin1 , 241–242  

 prolactin , 243  

 sex hormones , 245–246  

 stress hormones , 238–239  

 thyroid hormones , 239–240   

  Endothelial cells , 146, 155   

  Endothelial nitric oxide synthase (eNOS) 

 CMS , 434  

 Hct , 437  

 polymorphism , 439   

  Endothelin 
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 chemotactic signals generation , 90  

 ET-1 , 224  

 genes encoding , 96  

 hypoxia , 243  

 receptors , 87  

 vasoconstrictor and vasodilator , 87   

  Endothelin-1 (ET-1) , 41   

  Energy expenditure , 254, 261   

  eNOS.    See  Endothelial nitric oxide synthase (eNOS)  

  Epigenetic effects , 371   

  Epilepsy , 161   

  Epinephrine , 89, 105, 119–120, 272, 273, 
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  Epithelial sodium channel (ENaC) 

 lung water, hypoxia , 413  

 sodium reabsorption , 413   

  Epithelium , 255   

  EPO.    See  Erythropoietin (EPO)  

  Ergogenic , 294   

  Erythrocytosis , 204–205, 209   

  Erythropoietin , 45–46, 208–209, 274, 276   

  Erythropoietin (EPO) , 30, 219   

  Erythropoietin (EPO) paradox 

 erythrocyte progenitor cells , 208  

 haemopoietic stem cells , 209  

 measurements, production/consumption , 207  

 mechanisms , 207  
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  Erythropoietin (Epo) receptor 

 circadian rhythm , 434  

 CMS , 434  

 compensatory erythrocytosis , 433  

 EE , 433–434  

 hemoglobin concentration , 433   

  Estrogen , 89, 237   

  Ethiopia 
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 East African plateau , 358   

  Excessive erythrocytosis (EE) 

 and CMS , 431  

 Epo role , 434  

 HAPH , 438  

 prevalence , 435  

 sex hormones , 439  

 signs and symptoms , 441   
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 acclimatization, VO 2 max and submaximal exercise 

performance , 303–305  

 acute normoxic , 228  
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 aldosterone suppression , 223  

 “altitude training” , 314  

 arterial epinephrine and norepinephrine , 309  

 Aymaras , 312  

 basal oxygen uptake at sea level , 307, 308  

 breathing , 66  
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 catecholamine , 310  

 central fatigue , 310–311  

 CO, blood fl ow and O 2  extraction , 306–307  

 exercise-induced bronchoconstriction , 61  

 glycolysis and blood lactate , 309  

 hemoglobin mass measurement , 314, 315  

 intermittent hypoxic exposure , 318–319  

 “lactate paradox” , 308  
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 live low-train high , 317–318  

 live/sleep high-train low , 316–317  

 minute ventilation , 64  

 neurohumoral responses , 228  

 oxygen saturation , 312, 313  
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 performance, submaximal and VO 2 max , 301–303  

 peripheral fatigue , 311  

 pulmonary gas exchange   ( see  Pulmonary gas 

exchange) 
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 submaximal , 66  

 tolerance and development , 57  

 urinary water and sodium outputs , 228  
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 ventilation , 305–306  

 VO 2 max values , 313, 314   

  Exercise induced bronchoconstriction (EIB) , 454   
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  F  
  FAA.    See  Free fatty acid (FAA)  

  Factor inhibiting HIF (FIH) 

 ankyrin repeats , 29  

 asparagine hydroxylation , 25, 29   

  Factor 5 Leiden , 212   

  Factor VIII , 212, 213   

  Fat 

 digestion and absorption , 257–258  

 fi eld studies , 258  

 hypoxia at sea level , 258   

  Fecal fat , 258   

  Fertility 

 Andes and Himalaya , 342  

 duration, lactational amenorrhea , 343  

 fecundity and fetal loss , 344  

 ovarian cycle , 342–343  

 probability, fetal loss , 343   

  Fetal growth restriction 

 changes, uteroplacental circulation , 345  

 chronic food scarcity , 350  

 differences, nutrient transport and energy , 346  

 effects , 350  

 and prematurity , 344   

  Fetal loss 

 and fecundity , 344  

 and fertility , 342  

 and growth , 341  

 probability , 343  
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  FEV 1 .    See  Forced expiratory volume in one second 

(FEV 1 )  

  Fibrin , 212, 213   

  Fibrinolysis , 213   

  Filtration fractions , 218   

  Fluid balance, high altitude 

 cardiopulmonary innervation , 227–229  

 hypoxic salt and water regulation  

 ( see  Hypoxic salt and water regulation 

mechanisms) 

 sites, hypoxic sensation , 221–223   

  Follicle stimulating hormone (FSH) , 245, 246   

  Forced expiratory volume in one second (FEV 1 ) , 

58, 59, 455   

  Forced vital capacity (FVC) 

 inconsistencies, data , 59  

 reduction , 382  

 vital capacity , 58   

  Founding population , 358   

  FRC.    See  Functional residual capacity (FRC)  

  Free fatty acid (FAA) , 288   

  FSH.    See  Follicle stimulating hormone (FSH)  

  Functional residual capacity (FRC) , 330, 408   

  “Functional sympatholysis” , 107   

  FVC.    See  Forced vital capacity (FVC)   

  G 
  GABA receptor , 336   

  Gastric acid secretion , 258, 261   

  Gastric emptying , 256, 262   

  Gastric inhibitory peptide , 255   

  Gastrointestinal (GI) bleeding , 465–466   

  Gastrointestinal (GI) disorders 

 AUGIB , 266  

  Helicobacter pylori  , 266  

 peptic ulceration , 266  

 short-term visitors , 265–266  

 sigmoid volvulus and megacolon , 267   

  Gastrointestinal (GI) function 

 acid secretion , 261  

 carbohydrate , 254–257  

 disorders, high altitude , 265–267  

 energy balance and weight loss , 260–261  

 fat , 257–258  

 gut morphology , 261–262  

 hepatic function , 263–264  

 HIF and gut , 264–265  

 mesenteric blood fl ow , 262–263  

 motility , 262  

 protein , 258–260  

 weight loss , 254   

  Gastrointestinal (GI) motility , 262   

  GATA-1 , 209   

  GBE.    See  Gingko biloba extract (GBE)  

  Genetic drift , 367   

  Genetics 

 component , 439  

 endothelial eNOS , 96  

 Epo levels , 440  

 evolutionary adaptation , 91  

 GWADS , 440  

 HAPH , 96  

 HIF , 439–440  

 hypoxia-responsive genes , 441  

 hypoxic environment , 89  

 polymorphisms , 96  

 Ppa , 95–96  

 VEGF , 440   

  Genome-wide allelic differentiation scan (GWADS) , 440   

  Genome wide association studies , 370, 443   

  Genomic-wide approach 

 ACE , 369–370  

 adaptive success, Tibetan and Andean highlanders , 

364, 368  

 detecton, “signals of natural selection” , 367  

  EPAS1  alleles , 368  

 mitochondrial genotypes , 370  

 polymorphisms,  NOS3  , 370  

 signals, natural selection , 367, 368  

 Tibetan population , 367   

  Genotype 

 ACE , 369  

 adapted organisms , 366  

 foil , 371  

 I allele , 369  

 inferred, offspring survival , 365  

 mitochondrial , 370  

 and phenotype , 367  

 and phenotypically adapted high-altitude animals , 366   

Index



486

  Gestational hypertension , 346–347   

  GFR.    See  Glomerular fi ltration rate (GFR)  
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