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ABSTRACT
Athletes sometimes use hypoxic training to prepare for competitions at sea level because of

the importance of oxygen transport and consumption for endurance performance. But, clear
evidence for its effectiveness is lacking. Maximal oxygen uptake (VO2max) decreases in hypo-
xia, so training at altitude is harder. Hypoxic training may stimulate adaptation processes faster
because relative work is greater in hypoxia than in normoxia.

A specific altitude training effect can only be proven if a relative equal exercise load (in % of
VO2max) is more effective than during sea level training. Four of eleven studies have shown that
training at high altitude improved sea level endurance performance or VO2max more than sea
level training did. Only two of eight studies showed improved performance when training in hypo-
xia combined with living in normoxia. The results for living in hypoxia while training in normoxia
(i.e., �live high, train low�) are not convincing. There seems to exist a small specific altitude effect
on performance capacity, which may be counteracted by negative influences, such as reduced
stimulation of muscular metabolism. Training in hypoxic environments might have positive or
negative effects on training success. Considerations include training the respiratory muscles,
increased hypoxic ventilatory stimulation, different training stimulus of the left and right heart,
increased red cell and plasma volume (the latter after descent), rightward shift of the oxygen
dissociation curve, changes in muscle mass, enzymes and capillaries, shift from fat and muscle
glycogen use to blood glucose combustion, reduced lactic acid and ammonia production, and
changes in bicarbonate and non-bicarbonate buffer capacities.
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Introduction
Physical training at altitude is essential

for success in competitions at altitude. Ho-
wever, the effects of training at altitude or
in hypoxic conditions on sea level perfor-
mance are controversial (39). This problem
is the focus of this literature review.

Athletes, coaches, and many sport
scientists believe that altitude training is an

effective means for improving performan-
ce capacity at sea level by increasing blo-
od hemoglobin concentration, which re-
sults from an increased erythropoietin pro-
duction. Astonishingly, these opinions are
based more on theoretical considerations
than on actual measurements. We have to
determine if this concept is truth or myth.
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Performance capacity and training in-
tensity at altitude

The theoretical justification for hypo-
xic training to enhance sea level exercise
performance is that limiting subsystems for
oxygen transport and oxygen utilization
might be specifically adapted and enhan-
ced by training with reduced O

2
 availabili-

ty. Barometric pressure decreases and am-
bient and alveolar gases expand during
ascent to altitude. While the fractional con-
centrations of gases in the air remain the
same (i.e.,

 
21% O

2
), one liter of air conta-

ins fewer oxygen molecules than at sea le-
vel. For a given O

2
 demand the ventilation

volume must be increased correspondin-
gly, even if alveolar PO

2
 remains at the lo-

wered value. To increase alveolar oxygen
partial pressure (PAO

2
) again the ventila-

tion must rise further which becomes in-
creasingly difficult as altitude increases.
For example, at 3000 m the inspiratory PO

2

is as low as PAO
2 
at sea level (100 mm Hg);

PAO
2
 is further decreased at altitude be-

cause of the pressure difference to ambient
air imposed by oxygen extraction, CO

2

excretion and water vapour saturation.
Consequently, oxygen diffusion from the
alveoli to the blood slows. Reduced mass
transport and diffusion pressure decrease
maximal oxygen uptake (VO

2
max) by ap-

proximately 1 %/100 m - beginning at 1500
m of altitude - which can never be adequ-
ately compensated.

According to most investigators (e.g. 26),
VO

2
 for submaximal work loads remains

unchanged. But, an equal load imposes a
greater strain on the organism at altitude
than at sea level because it corresponds to
a higher percentage of VO

2
max; therefore,

it is an increased stimulus for many phy-
siological functions, such as the endocrine
response (24). Improved training results
under these conditions are not altitude spe-
cific but are a consequence of increased
training intensity, which may also be re-

ached by other methods. Only enhanced
performance after relatively equal training
intensity (i.e., at equal percentage of alti-
tude-adjusted VO

2
max) demonstrates spe-

cific benefits of altitude training.
The main drawback of altitude training

is that various functions (e.g., ATP synthe-
sis per second in the working muscle) are
less stimulated than at sea level (1). Thus,
altitude training may cause improvements
and deteriorations of different physiologi-
cal and performance functions at the same
time. Because of the dangers of physical
deterioration, altitudes higher than 3000 m
usually are not considered for athletic tra-
ining.

Hypoxic training and performance ca-
pacity

There are different forms of hypoxia
training, such as living high-training high
and living high-training low. Studies com-
paring classical altitude training (�living
high - training high�) with relatively equal
sea level training are compiled in Table 1A.
The number of studies using experimental
and control groups is small. This review
includes investigations in which the sub-
jects had reached a steady performance le-
vel with relatively equal training intensity
at low altitude before ascent. Only 5 of 11
studies - and 4 of 7 with control groups -
showed that altitude training improved sea
level performance. The investigation with
the best design (i.e., cross-over design that
used two parallel groups training at low and
high altitude; 1) produced no clear diffe-
rence in performance or VO

2
max. Few stu-

dies examined the effects of altitude tra-
ining on sea level endurance times, but 2
of 3 papers demonstrated an effect.

Studies where subjects trained in hypo-
xia while remaining in normoxia for the
rest of the day, revealed significant perfor-
mance capacity increases in 2 of 8 studies.
There was a non-significant tendency for
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Author Altitude (m) Duration (days) Subjects Controls Max. performance VO
2
max Endurance

A. Altitude training

Buskirk et al. 4000 55-68 6 MR+LR pre 0 0
(20)

Faulkner et al. 2300 14 15 S pre 0  0
(25)

Mellerowicz et al. 1800-2500 28 11 LR 11 LR ↑ ↑
(53)

Liesen, Hollmann 1950-2800 14 3 canoepaddlers pre (↑)
(48)

Adams et al. 2300 21 12 MR 12 id ↑↓ 0↓
(1)

Meller et al. 2050 28 4 ut twins 4 id (↑) (↑)
(52)

Mizuno et al. 2100-2700 14 10 Ski pre 0 0 ↑
(54)

Ingjer, Myhre 1900 21 7 Ski 7 id 0
(38)

Svedenhag et al. 2000 14 7 MR 6 LR 0 ↑
(65)

Levine, Stray-Gundersen 2500-3000 28 9 LR 10 LR 0 ↑ 0
(45)

Levine, Stray-Gundersen 2500-3000 28 13 LR 13 LR 0 ↑
(47)

Table 1A. Performance capacity after altitude or hypoxia training with equal relative intensity as in
normoxia (in chronological order)

Table 1B. Performance capacity after altitude or hypoxia training with equal relative intensity as in
normoxia (in chronological order)

Conditions for comparison: control group or very well trained initial status. Endurance: increased endurance time or
decreased submaximal heart rate or lactic acid concentration. Maximal performance: laboratory test or (test) competi-
tion. LR long distance runner, MR middle distance runner, C cyclist, S swimmer, Ski long distance skiers, ut untrained,
t trained, pre prealtitude performance, id control training with same subjects, ↑ increase, ↓ decrease, 0 no increase or
not larger than in the controls, (...) not significant tendency, blank not measured.

Author Altitude (m) Duration (days) Subjects Controls Max. performance VO2max Endurance

B. Artificial hypoxia only during training

Roskamm et al. 2250-3450 28 12 ut 6 ut ↑ ↑
(57)

Hollmann, Liesen 4500 56-70 30 t Pre ↑ ↑
(34)

Terrados et al. 2300 21-28 4 C 4 C (↑) 0 (↑)
(66)

Levine et al. 2500 35 7 ut 7 ut 0 0
(42)

Benoit et al. 4500-5800 21 9 ut 9 ut 0
(9)

Engfred et al. 2500 35 7 ut 7 ut 0 ↓
(24)

Emonson et al. 2500 35 9 ut 9 ut 0 0
(23)

Vogt et al. 3850 42 7 ut 8 ut (↑) (↑)
(71)
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an improvement in 2 additional investiga-
tions (Table 1B).

The reverse pattern � sleeping in hy-
poxic conditions and training in normoxia
� produced a positive effect on aerobic
and anaerobic performance. However, the-
se data have only been published in abs-
tracts (43, 46, 55). Levine and Stray-Gun-
dersen(47), however, compared three gro-
ups of athletes that lived and trained at sea
level, lived and trained at altitude (2500 m),
or lived at altitude and trained at 1250 m.
All subjects performed a preparatory 6
weeks of training at sea level and used re-
latively equal exercise intensity. The au-
thors concluded that the live high-train low
model is best. This is not convincing for
various reasons. VO

2
max increased in both

altitude groups similarly. The racing time
for 5000m and the velocity at VO

2
max in-

creased significantly only in the high-low
group. But the comparison was made to
baseline, not to the values at the end of the
preparatory sea level training. Most of the
improvement in performance and oxygen
transport capacity occurred already at sea
level.

The same researchers later developed
the concept of responders and nonrespon-
ders (21). They compared the subjects with
clear improvement in the 5000 m race to
those whose performance deteriorated.
They only found an increase in VO

2
max

and blood volume in the former group. But
this statistical approach is dubious � it is
relatively easy to find significant effects,
if you select the best results post hoc. The
authors also mentioned differences in tra-
ining intensity between responders and
nonresponders, which may be the real cau-
se for the variable response of the athletes.

Our group did not detect performance
improvements in triathletes after 14 days
living high and training low (22). Also, an
extended investigation in altitude natives
in La Paz (3600 m of altitude) who trained

either under their environmental conditions
or in normoxia yielded no differences (26).

Summarizing the results the published
studies do not clearly prove a specific alti-
tude training effect but also do not allow
to exclude it. Probably a small effect does
exist which cannot be always statistically
confirmed. There is no convincing eviden-
ce for a superiority of the living high and
training low.

Altitude effects on specific physiological
functions

In spite of the equivocal effect of altitu-
de training on performance, the functions
of various organs might be influenced po-
sitively and lead to:
1) improvements in oxygen transport
2) reduction of oxygen requirements (sa-

ving of O
2
, anaerobic energy sources)

3) adaptation of enzymes and biochemical
regulation to lowered oxygen pressures.
The key substance for many reactions

seems to be the hypoxia-inducible factor 1
(HIF 1), a dimeric protein; its production
and binding to DNA are increased in hy-
poxia (62). It stimulates the production of
messenger RNA for erythropoietin (EPO),
vascular endothelial growth factor (VEGF),
glucose transporters and glycolytic enzy-
mes. The system is also activated in skele-
tal muscle cells during hypoxia training
(i.e., living low � training high, 71). The
following is a systematic description of al-
titude acclimatization effects in various
organs.

Respiration
The respiratory muscles are more effec-

tively trained at altitude than at sea level
because of the marked hyperventilation
during exercise. The hypoxic ventilatory
response increases and remains high du-
ring several weeks after descent (44, 63).
After 8 days living in hypoxia and training
in normoxia a 37% increase in ventilation
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during cycling at a fixed velocity in nor-
moxia has been observed (50). Alveolar
PO

2
 might rise because of both mechani-

sms and reduce the decrease of arterial O
2
-

saturation during exhausting exercise. The
diffusion capacity of lungs and tissues is
proportional to the area occupied by the red
cells in the capillaries, which increases with
the hematocrit value at altitude. However,
after descent this effect plays a role only
during few days because the hematocrit
value is rapidly normalized (see below).

Heart
Maximal and submaximal exercise car-

diac output is reduced at altitude (clearly
above 3000 m), probably because of de-
creased vegetative stimulation (75), follo-
wing down-regulation of β-adrenoceptors
(2). This should result in a negative altitu-
de training effect on the heart. For the ri-
ght heart, however, this might be compen-
sated for by an increased afterload stress
caused by increased resistance resulting

from hypoxic vasoconstriction in lung ves-
sels. Another positive effect might also be
a stimulation of myocardial capillary
growth, which has been observed, with lo-
wering of heart rate in animals (36).

After an initial increase, atrial natriure-
tic peptide secretion is reduced during alti-
tude acclimatization. Also,  atrial stretch
receptors may become less sensitive due
to chronic distension related to the high
pulmonary vascular pressure (3). This mi-
ght have relevance for blood pressure re-
gulation because atrial natriuretic peptides
causes vasodilation and stretch receptors
in the atria help trigger increases in blood
volume.

Blood
Red cell volume, hemoglobin concen-

tration, and hematocrit increase in male
high altitude residents above 2500 m of
altitude (16, 72), but the threshold seems
to be higher in females (unpublished re-
sults). At 2600 m above sea level we have

Table 2. Change (%) in red cell (RCV) or blood volume (BV) after hypoxia (altitude or low pressure
chamber)

Author N RCV BV Training

Liesen, Hollmann 3 + 5 altitude training 1950-2800 m
(48)

Böning et al. 11 + 5 + 5 ski course 2300 m
(11)

Stray-Gundersen 10 + 8 altitude training 2500 m
(64)

Levine, Stray-Gundersen 13 + 10 altitude training 2500 m.
(47)

Harper et al. 134 + 12 living at sea level, training at 2700 m
(32)

Levine et al. 6 + 12 sea level training, living at 2500 m
(43)

Laitinen et al. 7 + 8 sea level training, living at 2500 m
(41)

Levine, Stray-Gundersen 13 + 5 sea level training. living at 2500 m
(47)

Hütler et al. 11 No change training at 800 m, living at 2000 m
(37)

Ashenden et al. 25 No change training at 600m, living at 2650�3000 m
(5, 6)

Böning et al. 29 + 16 + 21 trained vs untrained altitude residents, 2600 m
(2001)
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found an additional 16 percent increase in
red cell volume but a return to near normal
hemoglobin concentration and hematocrit
in medium level male native athletes (16).
Short-term altitude training (Table 2) in-
creases red cell volume by 10%, which is
only slightly more than the 8% increase
observed after sea level training in non-ath-
letes (60). In sojourners as well as in resi-
dents, there is only a modest rise in serum
erythropoietin concentration (10, 13, 16,
61), which suggests an increased sensiti-
vity of erythrocyte precursor cells or addi-
tional unknown factors are responsible for
the increase in red cell mass. In competiti-
ve runners the �live high - train low� me-
thod also increased red cell mass (6-11%,
46) - or prevented a decrease - compared
to a �live low � train low� group (37). The
mean rise in erythropoietin was again small
(37, 41).

In spite of the high red cell volume, an
increased hemoglobin concentration has
been observed only intermittently after a
return from altitude (11, 25, 30, 31, 38, 49,
64, 65), apparently because of a rapid rise
of plasma volume above pre-altitude levels.
The cause might be a reduced sensitivity
of the atrial stretch receptors that occurs as
the hypoxic vasoconstriction ceases. Also,
athletes constantly living at altitude possess
high plasma volumes (16), which leads to
an average 21 % increase in total blood
volume. The resulting improved filling of
heart and vessels is a positive factor du-
ring athletic activity, whereas the expected
increase of arterio-venous difference by a
rise of the hemoglobin concentration does
not occur. Such an increase could be cau-
sed by a rightward shift of the oxygen-he-
moglobin dissociation curve caused by an
increase in 2,3-diphosphoglycerate (DPG)
concentration in the red cells at altitude
(e.g., 12, 49). After short altitude stays the
additional amount of DPG disappears ra-
pidly with the end of the respiratory alka-

losis, which had stimulated its formation.
During prolonged altitude sojourns, the
proportion of young red cells that contain
especially high DPG concentrations incre-
ases. This change persists for some time
after descent (11, 12, 49). The reduction of
mean red cell age improves metabolic, buf-
fering and rheologic properties of the red
blood cell. But, these effects are also obse-
rved after sea level training (60).

Muscle
The commonly held perception that

hypoxia increases mitochondrial volume
and oxidative enzyme capacity in humans
is not consistent with the results of recent
studies. In fact, these values decrease at
altitudes above 4300 m (35). Similar re-
sults were obtained after altitude training
(2700 m) as well as training in a low pres-
sure chamber with equal relative exercise
intensity (54, 58, 66). Recently, however,
Vogt, et al. (71) described an increase of
mitochondrial density and mRNA for my-
oglobin following 6 weeks of hypoxic tra-
ining (3850 m simulated altitude). Low
pressure chamber training at equal absolu-
te workload causes an increased oxidative
capacity and myoglobin concentration
compared to normoxia (35, 40, 68, 67).
Anaerobic metabolic enzymes are unaffec-
ted by altitude, except perhaps during the
early acclimatization phase and during very
severe hypoxia (27); however, the hypo-
xia training at 3850 m of simulated altitu-
de stimulated the production of mRNA for
phosphofructokinase (71).

In older investigations of the capillary
network (54, 58, 67, 66), only Mizuno, et
al. (54) detected more capillaries after pro-
longed altitude exposure, but this occur-
red in subjects who were probably not ful-
ly trained during the preceding low level
training. In animal experiments, altitude
exposure caused an enlargement of the
muscle cell surface by tortuosity (undula-
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ting surface) but did not stimulate the
growth of new capillaries (4). At very high
altitude an increase of capillary density
only resulted from a decrease in fiber dia-
meter (35). After living low � training high,
however, Vogt et al. (71) observed incre-
ased mRNA concentrations for the vascu-
lar endothelial growth factor and also a
greater increase in capillary length density
after hypoxia than normoxia training.

Metabolism
The widely-held opinion that fat oxida-

tion increases with altitude acclimatization
(73) has been abandoned. If substrate uti-
lization was adapted for the increased me-
tabolic need under hypoxic conditions (56),
a decreased fat consumption by the wor-
king legs could be demonstrated at 4300
m. Muscle carbohydrate consumption is
shifted from glycogen to a higher propor-
tion of blood glucose as fuel and lactate
production decreases (8, 17,18,19); this so
called lactate paradox disappears approxi-
mately 2-3 weeks after descent (33), but
the importance for performance and me-
asurements of the anaerobic threshold after
return to sea level is unknown. If these re-
sults from studies at very high altitude wi-
thout systematic training may be extrapo-
lated to usual altitude training, is not clear.
Also the causes of the metabolic changes
are not exactly known. Besides insufficient
carbohydrate uptake a dissociation in ca-
techolamine secretion (decrease of epine-
phrine, increase of norepinephrine), a ti-
ghter metabolic control and a better effi-
ciency after acclimatization are discussed
(17, 18, 19,20, 27, 28, 33, 51). A high effi-
ciency has been described occasionally for
natives (33, 59) and recently for a small
group of sojourners after 21 days at 6,194
m (29); it is doubtful if similar changes may
occur at moderate altitude after a short stay.
A reduced oxygen need during running
might be a general characteristic of Afri-

can athletes, possibly because of biome-
chanical differences of the legs compared
to other races.

The blood ammonia concentration in-
crease during exercise is reduced within 13
days at 4300 m (74), a similar change was
observed even 12 days after descent (65).
This is an interesting phenomenon since
NH

3 
may be a cause of fatigue.

Hormones are important for metabolic
regulation but they have been rarely inve-
stigated after return to sea level. Total and
globulin-bound testosterone (69) increased
temporarily 3 days after altitude training.
Elevated resting concentrations of cortisol
after descent might indicate a subclinical
overtraining state (70). It is also conceiva-
ble that the above mentioned changes of
plasma catecholamine levels and in addi-
tion a reduced β-adrenoceptor density (2)
persist some time after descent. Low pres-
sure chamber training during 5 weeks in-
fluenced many endocrine reactions during
exercise, but these were not substantially
different than absolutely or relatively equ-
ivalent intensities of normoxic training
(24).

Buffering
At altitude blood buffering becomes less

effective because of bicarbonate loss via
the kidneys, but the bicarbonate stores are
rapidly replenished after descent (12, 13).
An increase of the hemoglobin mass as well
as a high proportion of young red cells in-
creases the amount of non-bicarbonate buf-
fers in blood and interstitial fluid above
prealtitude values. We have observed une-
xpectedly high extracellular non-bicarbo-
nate buffer capacities during exercise in
mountaineers after return to the lowland
(15) and in residents at moderate altitude
(unpublished results); but this might par-
tly result from differences in lactate and
proton transport across muscle cell mem-
branes. Mizuno, et al. (54) and Saltin, et
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al. (58) observed a small increase in non-
bicarbonate muscle buffer capacity after
altitude training which correlated with an
improvement of endurance (running for 2-
4 min, 54). After expeditions to extreme
altitudes loss of muscle mass probably co-
unteracts this improvement: whole body
non-bicarbonate buffering (per liter fluid)
was reduced in mountaineers after descent
(14).

Conclusions
Various physiological changes from

acclimatization to hypoxia that persist after
descent (e.g., trained respiratory muscles,
increased alveolar PO

2
, increased blood

volume, reduced erythrocyte age, increased
mitochondrial volume and capillary length
density in muscles, decreased lactate and
ammonia concentration, increased buffer
capacity) should contribute to improved
endurance capacity. The inconsistent effect
on performance might result from conco-
mitant deteriorating changes or from une-
qual disappearance rates of functional ada-
ptations. Also maximal oxygen uptake -
which has been measured in most studies -
is relatively insensitive to moderate perfor-
mance capacity changes. Possibly enduran-
ce time measurements are better apt to de-
monstrate an effect.

Other factors affect the advantages and
disadvantages of altitude training. Chan-
ges in physical and psychic stimuli in the
mountains might positively influence the
training process. Also an acceleration of
training adaptations without increasing le-
vels of maximal performance is conceiva-
ble. Banister and Woo (7) observed such
accelerations during alternating normoxic
and hypoxic training; the intensity was,
however, absolutely equal. Sprinters for
whom aerobic metabolism is not especial-
ly important use the increased speed at al-
titude following from the low air resistan-

ce to train under competition - like condi-
tions.

Negative effects might result from re-
duced caloric intake and sleep disturban-
ces. To avoid these drawbacks as well as
to maintain the exercise intensity at a suf-
ficient level, training altitudes at about 2000
m are preferred. The opinions on other con-
ditions and considerations (e.g., only tra-
ining or sleeping in hypoxia, best day for
competitions after descent, optimal altitu-
de exposure) remain controversial.

Comparisons of sea level natives after
altitude training to athletes born and raised
at altitude can only be made with caution;
the organisms of the latter are influenced
by hypoxia lasting for decades and often
by genetic adaptations. There are few
exceptional findings in these subjects, inc-
luding improved efficiency, a high activity
of the fat-metabolizing enzyme 3-hydro-
xyacyl-CoA-dehydrogenase, and a low
blood concentration of ammonia during
exercise at altitude and sea level (58, 59).
NH

3
 concentration is reduced during short-

term acclimatization to hypoxia (74), which
may attenuate fatigue and account for the
commonly described feeling of an impro-
ved sense of well being after altitude tra-
ining.
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