
Combining Hypoxic Methods for
Peak Performance
Gregoire P. Millet,1 B. Roels,2 L. Schmitt,3 X. Woorons4 and J.P. Richalet4

1 ISSUL, Institute of Sport Science, University of Lausanne, Lausanne, Switzerland

2 ORION, Clinical Services Ltd, London, UK

3 National Nordic Ski Centre, Prémanon, France
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Abstract New methods and devices for pursuing performance enhancement
through altitude training were developed in Scandinavia and the USA in the
early 1990s. At present, several forms of hypoxic training and/or altitude
exposure exist: traditional ‘live high-train high’ (LHTH), contemporary ‘live
high-train low’ (LHTL), intermittent hypoxic exposure during rest (IHE) and
intermittent hypoxic exposure during continuous session (IHT). Although
substantial differences exist between these methods of hypoxic training and/
or exposure, all have the same goal: to induce an improvement in athletic
performance at sea level. They are also used for preparation for competition
at altitude and/or for the acclimatization of mountaineers.

The underlying mechanisms behind the effects of hypoxic training are
widely debated. Although the popular view is that altitude training may lead
to an increase in haematological capacity, this may not be the main, or the
only, factor involved in the improvement of performance. Other central (such
as ventilatory, haemodynamic or neural adaptation) or peripheral (such as
muscle buffering capacity or economy) factors play an important role.

LHTL was shown to be an efficient method. The optimal altitude for living
high has been defined as being 2200–2500m to provide an optimal ery-
thropoietic effect and up to 3100m for non-haematological parameters. The
optimal duration at altitude appears to be 4 weeks for inducing accelerated
erythropoiesis whereas <3 weeks (i.e. 18 days) are long enough for beneficial
changes in economy, muscle buffering capacity, the hypoxic ventilatory re-
sponse or Na+/K+-ATPase activity. One critical point is the daily dose of alti-
tude. A natural altitude of 2500m for 20–22h/day (in fact, travelling down to
the valley only for training) appears sufficient to increase erythropoiesis and
improve sea-level performance. ‘Longer is better’ as regards haematological
changes since additional benefits have been shown as hypoxic exposure in-
creases beyond 16h/day. The minimum daily dose for stimulating erythropoi-
esis seems to be 12h/day. For non-haematological changes, the implementation
of a much shorter duration of exposure seems possible.

Athletes could take advantage of IHT, which seems more beneficial than
IHE in performance enhancement. The intensity of hypoxic exercise might play
a role on adaptations at the molecular level in skeletal muscle tissue. There is
clear evidence that intense exercise at high altitude stimulates to a greater extent
muscle adaptations for both aerobic and anaerobic exercises and limits the
decrease in power. So although IHT induces no increase in

.
VO2max due to the

low ‘altitude dose’, improvement in athletic performance is likely to happenwith
high-intensity exercise (i.e. above the ventilatory threshold) due to an increase in
mitochondrial efficiency and pH/lactate regulation. We propose a new combi-
nation of hypoxic method (whichwe suggest naming LivingHigh-Training Low
and High, interspersed; LHTLHi) combining LHTL (five nights at 3000m
and two nights at sea level) with training at sea level except for a
few (2.3 per week) IHT sessions of supra-threshold training. This review also
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provides a rationale on how to combine the different hypoxic methods and
suggests advances in both their implementation and their periodization during
the yearly training programme of athletes competing in endurance, glycolytic or
intermittent sports.

To date, several forms of hypoxic training
and/or altitude exposure exist: traditional ‘live
high-train high’ (LHTH), contemporary ‘live
high-train low’ (LHTL or LH+TLO2) or ‘live low-
train high’ (LLTH) approaches.

More recently, interest has focused on the po-
tential of intermittent hypoxic methods (figure 1)
using intermittent hypoxic exposure during rest
(IHE), during continuous sessions (IHT), during
interval-training (IHIT) or ‘live high-train low and
high’ (LHTLH). Although substantial differences
exist between these types of hypoxic training
and/or exposure, all have the same primary goal: to
induce an improvement in athletic performance at
sea level. These methods are also used for pre-
paration for competition at altitude or for the
acclimatization of mountaineers.

1. Traditional ‘Live High-Train High’
Altitude Training

Traditional altitude camps consist of living
and training at moderate altitude (1800–2500m)
for several weeks, usually between 2 and 4 weeks.
These LHTH camps are mostly carried out two
to three times a year.

1.1 Different Phases

These LHTH camps consist of several pro-
gressive phases: the acclimatization phase, the
primary training phase, the recovery and pre-
paration for return to sea-level phase, and the
return to sea level.

1.1.1 Acclimatization Phase

The first phase starts immediately on arrival to
altitude and is called the acclimatization phase.
As the name indicates, the purpose of this phase
is to acclimatize the athletes to the reduced PIO2

(partial pressure of inspired oxygen) at altitude.
To facilitate the athletes’ acclimatization to alti-
tude, they are exposed to as much open air acti-
vity as possible. This phase is the most critical
one. Therefore, high-intensity exercise is not re-
commended. The athletes have to be advised to
increase their recovery and their fluid intake. The
acclimatization phase usually lasts 7–10 days,
depending on the total duration of the LHTH
camp and the athlete’s frequency of hypoxic ex-
posure, with the duration of exposure usually
being decreased in athletes who have experienced
regular exposure to altitude.[2]

1.1.2 Primary Training Phase

The primary training phase follows after the
acclimatization phase. This phase lasts between
2 and 3 weeks, but may be prolonged according
to the age, experience and goals for functional
adaptation of the athletes. The purpose of this
phase is to progressively increase training volume
up to levels similar to those that are achieved at
sea level, but also to progressively increase the
intensity of training. Large workloads are neces-
sary to induce the cumulative and residual effects
of altitude training.[2] However, many athletes
use shorter repetitions to maximize the speed as-
pect of training, or use the same work intervals
that they carry out in training in normoxia whilst

Altitude/hypoxic training

LH + TH

Natural/
terrestrial

Nitrogen
dilution

Supplemental
oxygen

IHE IHT

IHITOxygen filtration

LH + TL LL + THLHTLH

Fig. 1. Different hypoxic methods (modified from Wilber[1]).
IHE = intermittent hypoxic exposure during rest; IHT = intermittent
hypoxic training; IHIT = intermittent hypoxic exposure during
interval training; LH = live high; LHTLH = live high-train low and
high; LL = live low; TH = train high; TL = train low.
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increasing their recovery by a factor of 2–3. This
area requires further scientific studies.

1.1.3 Recovery and Preparation for Return
to Sea Level

This recovery phase lasts 2–5 days. The aim of
this phase is to recover completely from the
complementary altitude-induced fatigue. During
this phase, training volume and intensity are
gradually reduced.

1.1.4 Return to Sea Level

On return to sea level after an altitude training
camp, three phases have been observed by coaches
(figure 2). So far, however, these are not fully
supported by the scientific evidence and are
therefore under debate:

(i) A positive phase observed during the first
2–4 days, but not in all athletes.
(ii) A phase of progressive reestablishment of sea-
level training volume and intensity. The prob-
ability of good performance is reduced.
(iii) 15–21 days after return to sea level, a third
phase is characterized by a plateau in fitness. The
optimal delay for competition is during this third
phase, although some athletes reach their peak
performance during the first phase.[3]

The time course of the different physiological
factors that explain these post-altitude phases has
not been studied and therefore remains unclear.
However, one may postulate that the immediate
positive effects (phase 1) are primarily due to the
haemodilution resulting from the return to sea
level and persistence of the ventilatory adapta-
tions to altitude training. The decrease in per-
formance fitness (phase 2) might be related to the
altered energy cost and loss of the neuromuscular
adaptations induced by training at altitude. Im-
provement in the latter factors after several days
at sea level, in conjunction with the further in-
crease in O2 transport and delayed hypoxic ven-
tilatory responses (HVRs) benefits, may explain
the third positive phase. In addition, some bene-
fits coming from the increased training capability
that is directly induced by altitude training may
lead to a delayed period (up to 6–7 weeks after
finishing the altitude camp) of increased fitness.[2]

In any case, the post-training period requires
further scientific investigation.

1.2 Altitude Training Sites

Several altitude training sites exist around the
world. The most famous within the sporting

Lo
w

 in
te

ns
ity

Lo
w

 in
te

ns
ity

Possible
competition

Good
individual
level of
aerobic
capacity

2 4 6 8 10 12 14 16 18 20 2 4 6

Time (days)

8 10 12 14 16 18 20 22 24 26 28

Re-acclimatization

Large individual variation

Secure distance for a good
competition result

U
ns

ta
bl

e
ph

as
e

R
e-

ac
cl

im
.

A
cc

lim
.

Fig. 2. Schematic view of the development of the aerobic capacity during and after ‘live-high train-high’ (LHTH) training (adapted from Fuchs
and Reiss[3]). Acclim. = acclimatization.
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community are (by ascending altitude; see
Wilber[4] for a comprehensive review): Prémanon
(1200m, France); Thredbo (1350m, Australia);
Crans-Montana (1500m, Switzerland); Albu-
querque (1500m, USA); Potchefstroom (1550m,
South-Africa); Snowfarm (1560m, New Zealand);
Pretoria (1750m, South Africa); Boulder
(1780m, USA); Ifrane (1820m, Morocco);
St. Moritz (1820m, Switzerland); Font-Romeu
(1850m, France); Colorado Springs (1860m,
USA); Kunming (1860m, China); Belmeken
(2000m, Bulgaria); Eldoret (2100m, Kenya);
Flagstaff (2130m, USA); Sierra Nevada (2320m,
Spain); Iten (2350m, Kenya); Addis Ababa
(2400m, Ethiopia); Bogota (2640m, Colombia);
Quito (2740m, Ecuador); La Paz (3600m, Boli-
via). These sites can offer relatively comfortable
living and training conditions to athletes and
coaches of all performance levels.

The first investigations into LHTH appeared
during the mid-1960s. Since the 1990s, the LHTH
method has largely been complemented by the
other hypoxic methods.

2. Live High-Train Low (LHTL)

The traditional LHTH altitude training strat-
egy has been replaced or complemented by the
LHTL method.[1,5,6] The LHTL method was de-
veloped to invoke the beneficial effects of altitude
(as regards cardiovascular, respiratory and meta-
bolic adaptations) whilst avoiding, firstly, the
need for a decrease in training intensity and,
secondly, the detrimental effects of chronic hypo-
xia (such as muscular mass loss, fatigue or dete-
riorated aerobic performance, that are observed
to a greater extent in endurance elite athletes
subject to a more pronounced hypoxaemia[7]).

Levine’s research team first investigated the
LHTLmethods by transporting the athletes from
sea level or low altitude (<1300m) to train whilst
spending the rest of their time, i.e. living and
sleeping at moderate altitude (1800–2500m).[8]

This method involved living at moderate altitude
and performing low-intensity training at moder-
ate altitude, and high-intensity training at sea
level or lower altitude.[9] However, this method
placed a large amount of stress and fatigue on the

athletes as a result of descending from and ascen-
ding to altitude, travelling to and from training
sites, adapting to weather differences between
altitude and sea level, financial costs, etc.

The technical development of new devices
made it possible to use artificial altitude (i.e.
normobaric hypoxia via nitrogen dilution or
oxygen extraction, altitude tents and/or hypoxic
sleeping units, decompression chambers, or sup-
plemental oxygen[4]) as an additional training
stimulus without travelling to the mountains.

2.1 Haematological Adaptations

Levine et al.[8] found that levels of erythro-
poietin (EPO) were almost doubled, and haemo-
globin concentration (Hb) was increased, in elite
athletes after 27 days of living at 2500m and
training at 1250m. In addition, Stray-Gundersen
et al.[10] investigated the effects of 27 days of
living at moderate altitude of 2500m, training
intensively at 1250m, and undergoing base
training at both 1250 and 3000m. They observed
a 92% increase in EPO within the first 20 hours of
exposure. This was followed by a progressive
decline in EPO, up to the 19th day, to the (initial)
sea-level values. Moreover, after the 27 days of
LHTL, Hb, haematocrit (Hct) and arterial O2

saturation (SaO2) were increased. Dehnert
et al.[11] investigated the haematological accli-
matization to intensive training at low altitude
(800m) and spending13 h/day at moderate alti-
tude (1960m) in 15male and six female triathletes
over a period of 2 weeks. EPO increased signif-
icantly (30%) but temporarily in LHTL. Total
Hb was unchanged in the LHTL group but
showed a small significant decrease in the control
sea-level group. Reticulocyte (Ret) count also
showed a tendency to increase in the LHTL
group, but was unchanged in the control group.
The authors suggested that the observed EPO
stimulation at altitude served to compensate for
the exercise-induced destruction of red blood
cells (RBCs). Moreover, Stray-Gundersen
et al.[12] reported that, for elite athletes living at
2500m and performing high-intensity training
at 1250m, EPO was almost doubled and both
soluble transferrin receptor level and Hb were
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increased. In contrast, Hahn et al.[13] evaluated
the effects of LHTL (i.e. 8–11 h a night over
11–23 nights at 2650–3000m) in six different
studies with several athletic populations (runners,
triathletes, kayakers, cyclists and cross-country
skiers). They concluded that the increase in serum
EPO (sEPO) did not always induce an increase in
Ret production and that the other haematologi-
cal parameters were not significantly different
between the LHTL and control groups.

The Finnish research group, led by Rusko,
reported important increases in EPO, Ret or
RBCs with LHTL methods in elite athletes. Un-
fortunately, the training characteristics of their
studies, which often lacked control groups, were
sometimes poorly controlled. In six female elite
cross-country skiers, living 14 h/day at a simu-
lated altitude of 2500m, and living and training
at sea level for 10 h/day, a significant increase
over the initial sea-level values was observed in
both sEPO (31%) and Ret count (5%) after 11
days.[14] However, no sea-level control group was
included in the study. Laitinen et al.[15] observed
in seven male trained runners who lived
16–18 h/day at a simulated altitude of 2500m and
lived and trained the other 6–8 h/day at sea level,
sEPO (84%) and RBC mass (7%) to be signif-
icantly increased (by 84% and 7% ,respectively)
after 15 days of LHTL, and remain unchanged in
the sea-level control group. Rusko et al.[16]

demonstrated a 60% increase in sEPO when
measured on the second day of LHTL in 12
female and male cross-country skiers and triath-
letes who lived 12–16 h/day for 25 days at a
simulated altitude of 2500m, and trained at sea
level. They also noted a 5% increase in RBCmass
following the 25 days of LHTL. However, the
increase in sEPO was not correlated to the in-
crease in RBC mass. The same research team[17]

also recorded significant increases in sEPO, RBC,
2,3-diphosphoglycerate. Ret count and soluble
transferrin receptors in ten healthy subjects who
lived 12 h/day in a 15.4% O2 (~2500m) nitrogen
room over a period of 7 days. Thus, 12 h/day
of moderate normobaric hypoxia, for 1 week, was
sufficient to stimulate erythropoiesis. Moreover,
Phiel-Aulin et al.[18] evaluated six endurance
athletes who completed 10 days of living 12 h/day

at a simulated altitude of 2000m whilst living and
training for the rest of the day at sea level. After
2 days of LHTL, an increase was observed in
sEPO (80%) and Ret count (60%). In addition,
1 week after the end of the LHTL period, mea-
surements indicated that Hb (-2%) and Hct
(-3%) were slightly decreased from the initial sea-
level values. These post-LHTL decreases in Hb
and Hct were attributed to haemodilution. Thus,
a 10-day period of LHTL training induced a
significant increase in sEPO but did not signif-
icantly change post-LHTL Hb or Hct in trained
endurance athletes. The same authors[18] investi-
gated the same 10-day LHTL period (i.e. 12 h/day
living at 2700m, and 12 h/day living and training
at sea level) but at a higher simulated altitude of
2700m in nine endurance athletes. Within the
initial five days of LHTL a significant increase in
sEPO (85%) and Ret count (38%) was observed.
One week after the end of the LHTL period,
higher Hb (3%) and lower Hct (-4%) values,
compared with initial sea-level values, were ob-
served. In contrast, the Australian Institute of
Sport scientists observed very little haemato-
logical change with the LHTL method: i.e. no
changes in any of the following measured hae-
matological variables, % Ret, mean corpuscular Hb,
reticulocyte Hb and total Hb mass, in six female
road cyclists who slept for 12 nights at a simu-
lated altitude of 2650m and trained at 600m
above sea level.[19] They also studied, in six male
middle distance runners, the effects of three 8-day
LHTL periods (involving five 8- to 11-hour
nights at a simulated altitude of 2650m and
training at 600m, followed by 3 days of living and
training at 600m).[20] sEPO was increased in the
LHTL group after the first (57%) and the fifth
night (42%) of the first period but this increase
was not as great in the second (13% and -4%) and
third (26% and 14%) periods. Moreover, there
were no changes in the other haematological
variables. It appears, therefore, that 5 nights at
2650m increased sEPO, but was insufficient to
induce any other haematological changes. This
hypoxic-induced sEPO response was down-
regulated during a hypoxic stimulus.

The same Australian team[21] investigated the
effects of an increased LHTL hypoxic stimulus,
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i.e. a higher altitude (3000m) over a longer period
of time (23 days of 8–10 hours per night) in sixmale
endurance athletes. No significant changes were
observed in any of the measured variables. Re-
cently, the same team reported that a much longer
LHTL period (i.e. 46 nights of 9 hours per night at
a simulated altitude of 2860m, coupled with
training at 600m) induced a significant (~5.0%)
increase in total Hb mass.[22] These results support
the principle that the hypoxic dose is the primary
factor leading to the observed haematological
benefits resulting from LHTL.

Recently, a project funded by the IOC in
Prémanon (in the Jura region of France) investi-
gated the effects of various hypoxic training meth-
ods and more specifically the LHTL method.[23-34]

These studies evaluated the responses to LHTL
(i.e. 13–18 days of sleeping high at 2500–3500m
and training low at 1200m) in cross-country
skiers,[23,25,27,33] swimmers[24-26,28,29,31-33] and dis-
tance runners.[25,29,30,33,34] Overall, LHTL was well
tolerated[23,29,33] for altitude up to 3000m. These
studies highlighted the benefits of monitoring
sleeping SaO2 since oxygen desaturation and pro-
gressive re-saturation can be a good index of the
degree of acclimatization. In line with the Scandi-
navian findings mentioned above[14-18] and summa-
rized by Rusko et al.[35] in 2003, this set of studies
support the principle of a minimum dose of hy-
poxia (of at least 14 hours, ideally 18 h/day) – at
an altitude of at least 2500m – and, ideally, 3000m –

for 3 weeks, being required to induce increased
erythropoiesis. In fact, the runners who stayed
for the longest time (18 days, 14 h/day) at 3000m
evidenced greater increases in Hb.[34] All the para-
meters except indirect markers of submaximal
performance (see later) had returned to the
baseline values 2 weeks after the LHTL session.

In summary, whereas some studies demon-
strated significantly increased EPO and Ret
count,[13-15,35-37] other studies did not observe
either any or too low an erythropoietic effect
to induce haematological changes after LHTL
normobaric hypoxic exposure.[18-21] Probably the
differences in duration and level of the hypoxic
exposure, in training content or in the methods
of measurement of blood volume parameters
that were used (e.g. Evans blue dye vs CO re-

breathing) play a role in the observed dis-
crepancies. Only an absolute increase in RBC
mass or Hb mass can be seen as an effective
haematological benefit induced by altitude
training. Unfortunately, many studies still report
relative value(s) in terms of RBCs, Hb and Hct –
all of which are influenced by change in volaemia.
It was reported that the mean error of measure-
ment for Hb mass with the CO-rebreathing
method is 2.2% (90% CI 1.4, 3.5) since the error
of measurement of the volume of RBCs is 2.8%
(90% CI 2.4, 3.2) for the 51 chromium-labelled
RBC technique, 6.7% (90% CI 4.9, 9.4) for the
Evans blue dye technique and 6.7% (90% CI 3.4,
14) with the CO-rebreathing method.[38] These
errors include analytical error, day-to-day biolo-
gical variation and the interindividual variability
in response to altitude training, and have direct
implications for the monitoring of the athletes.
Therefore, comparisons of values for RBC mass,
plasma or RBC volume that have been obtained
via different methods is unsatisfactory. More-
over, a large variation in RBC volume reported in
previous LHTL studies[9,39] might arise from
measurement errors obtained with the Evans blue
dye method.[38]

Another confounding factor is the level of the
subjects, i.e. trained versus elite athletes. It is
known that endurance training induces an in-
crease in blood volume. Heinicke et al.,[40] for
example, reported that in elite endurance ath-
letes, Hb mass and blood volume were ~35%
higher, but Hb was no different, from the values
observed in sedentary subjects. In contrast, acute
altitude exposure has long been known to de-
crease (plasma) blood volume.[41] However, by
comparing untrained subjects or elite cyclists
native to either sea level or altitude (~2600m),
Schmidt et al.[42] showed that chronic altitude has
a synergistic effect on blood volume parameters.
Both Hb mass (for which the observed values
were [mean– SD] 17.1 – 1.4 for cyclists native to
altitude; 15.4 – 0.9 for cyclists native to sea level;
13.4 – 0.9 for sedentary individuals from altitude
and 11.1 – 1.1 g/kg for sedentary individuals
native to sea level) and blood volume (for which
the corresponding values were 116 – 11; 107 – 6;
88 – 5 and 78 – 8mL/kg, respectively) were
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affected both by altitude and, to a greater extent,
by training. To conclude, differences in the level
of ability and or training of the study subjects, as
well as differences in their responses to both alti-
tude and to training, make it very difficult to
compare the haematological benefits of different
hypoxic protocols across studies.

2.2 Non-Haematological Adaptations

Whether increased RBC volume is the primary
factor that is responsible for the altitude-induced
improvement in performance has recently been the
subject of great debate.[43,44] It was noted that the
change in performance is not necessarily associated
with an increase in

.
VO2max, especially in elite ath-

letes, and that the 86% variance in
.
VO2max could be

attributed to factors other than change in RBC
volume.[45] Two main peripheral factors have been
proposed, as outlined below.

2.2.1 Economy

Several research groups have demonstrated
3–10% improvements in exercise economy[25,45-48]

with altitude training. This might come from a
decreased cost of ventilation, greater carbohy-
drate (CHO) use for phosphorylation, or, more
likely, from improved mitochondrial efficiency
(as denoted by P/O ratio or an increase in ATP
production per mole of oxygen used).

2.2.2 pH Regulation and Muscle Buffer Capacity

The altitude-induced increase in the co-trans-
port of lactate is related to the increase in the
content of the relevant transporters (i.e. mono-
carboxylate MCT1 and MCT4). This allows for
better lactate exchange and removal and, conse-
quently, a slower pH decrease within ‘glycolyic’
exercise.[49] In addition, it is known that altitude
acclimatization induces an increase in isoforms of
carbonic anhydrase (CA) that influence both H+

and HCO3
- regulation.[50] These adaptive re-

sponses to altitude are likely to improve muscle
buffering capacity, as reported previously,[45,48,51]

and have been postulated to be, therefore,
important in the explanation of post-altitude
improvement in performance.[45,48] Whether this
is actually the case is debatable. It was shown
recently that acidosis (reduced pH) of muscles, is

not a primary factor in the development of mus-
cular fatigue. At physiological temperatures,
acidification has a small effect on force produc-
tion, shortening speed, the rate of glycolyic en-
zyme reactions or on the contractile process.[52]

Moreover, acidification seems to preserve the
muscle excitability.[53] It is beyond the scope of
this review to discuss the main factors (i.e. in-
organic phosphate) of muscle fatigue, but since
the relationship between acidosis and fatigue is
questioned, so is the direct influence of muscle
buffering on performance. This is supported by
the results of Gore et al.[48] that demonstrated
no change in the total work performed during a
2-minute ‘all-out’ cycling trial despite an 18%
increase in muscle buffer capacity. However, it is
likely that the increased muscle buffer capacity
observed after altitude training[51] is of high in-
terest in high-intensity intermittent exercises.

2.3 Performance

Overall the improvement in performance that
is obtained with LHTL has been evaluated as
1.0–1.5% for events lasting between 45 seconds
and 17 minutes.[6,45]

Presenting altitude-induced change in perfor-
mance or biological variables does not always
provide information that is relevant for the prac-
titioner (athlete, coach). As stated in Batterham
and Hopkins,[54] ‘‘a non significant result
(p > 0.05) effect does not necessary imply that
there is no worthwhile effect.’’ The smallest
worthwhile effect on performance across a range
of sports known for using altitude training (track
and field, swimming, cycling) has been shown to
be –1%.[55-57] Since the biological variables pre-
sented in this review have a direct influence on
performance (e.g. haemoglobin mass, RBC mass,
economy or

.
VO2max), one may also assume that

–1% is a correct approximation for their smallest
worthwhile effect. It is also important to note
that the effectiveness of an altitude training regi-
men is customarily expressed by the ‘additional
benefits’ that are obtained over compared peri-
ods when similar training is conducted at sea
level. Therefore, a given percentage increase has
little practical significance per se.
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2.3.1 Aerobic Performance

Levine et al.[8] reported, for 14 elite men and
8 elite women, that sea-level endurance perfor-
mance was significantly increased after 27 days of
living at 2500m and training at 1250m. This per-
formance increment amounted to a 1.1% enhance-
ment in 3000m run-time trial time, and a 3%
increase in

.
VO2max. Thus, even elite athletes

improved their sea-level performance after 27 days
of LHTL strategy. Indeed, 6 years later, Levine
and Stray-Gundersen[9] showed that 4 weeks of
living atmoderate altitude (2500m) and training at
low altitude (1250m) improved sea-level perfor-
mance more than equivalent sea-level or LHTH
training in 13 well-trained runners. 5000m run-
time trial time was only significantly improved
over the initial sea-level value (by an average of
13– 10 seconds 3 days after return to sea level) in
the LHTL group. Velocity at

.
VO2max and the ven-

tilatory threshold (VT) were also only improved in
the LHTL condition. In addition, performance
in the 5000m run-time trial was similar 7, 14 and
21 days post-altitude, suggesting that the beneficial
effects of LHTL may last for up to 3 weeks post-
altitude. In contrast, the sea-level control group did
not improve their 5000m run performance at any
time after completion of the 28-day training period.

The effectiveness of the LHTL method was
confirmed later by the same research group who
noted a 1.1–1.2% increase in sea-level 3000m run
time.[39] This improvement was accompanied by a
3% improvement in

.
VO2max. The same group

concluded that 4 weeks of acclimatization to
moderate altitude, accompanied by high-intensity
training at low altitude, improved sea-level endu-
rance performance even in elite runners. In con-
trast, Hahn et al.[13] analysed six different LHTL
studies and reported no significant increase in
performance and even a tendency towards a de-
crease in

.
VO2max. This tendency can be explained

partly by the fact that Hb did not increase (see
haematological adaptations) and that athletes with
a high

.
VO2max at sea level probably regress to a

large extent during altitude training[58] due to the
loss of skeletal muscle mitochondria, and reduced
oxidative enzyme activity[59,60] caused by the hypo-
xic stimulus. Therefore, apparently, mitochondrial
alteration can occur at moderate altitudes

(2650–3000m) during a LHTL protocol. It is well
known that for trained athletes, endurance per-
formance may be independent of

.
VO2max and that

other submaximal and/or non-haematological
variables may have a great influence on their
performance.[45,61]

In the study of Rusko et al.,[16] 1% and 3% in-
creases in sea-level

.
VO2max at day 1 and 7 after the

end of the LHTL period were observed. The latter
authors concluded that living at a simulated alti-
tude of 2500m for 25 days significantly increased
sea-level

.
VO2max approximately 1 week after the

LHTL period. The same group[37] observed a 4%
improvement in 40km time trial performance on
the fifth day following an 11-day LHTL period of
living 14 hours a day at a simulated altitude of
2500m. Since they did not include a control group
in their study, it is difficult to know whether this
performance enhancement was not primarily
training induced.

In six male endurance athletes, after sleeping
for 23 nights at a simulated altitude of 3000m
and training at 600m, both a 4% decrease in

.
VO2

at different submaximal intensities and a 1% in-
crease in mechanical efficiency were reported.[48]

In five elite female cyclists who performed LHTL
(12 hours at 2650m, 12 hours at 600m) over
12 days, the mean power output during a 4-min-
ute cycling time trial was increased to a greater
extent (2.3%) in the LHTL group than in the
control group (0.1%). In contrast, the mean
power output during a 30-minute time trial was
decreased in the LHTL group (-1.1%) but in-
creased by 2.4% in the control group.[62] More-
over, Saunders et al.[46] observed a 3.3% decrease
in

.
VO2 averaged across three submaximal run-

ning speeds (14, 16 and 18 km/h) after 20 days of
LHTL at 2000–3100m and 600m in elite distance
runners. In addition, 5, 10 and 15 days of LHTL
(8–10 hours at 2650m and training at 600m) in
19 well-trained cyclists did not induce any change
in performance-related variables.[63] Saunders
et al.[46] consequently suggested that 10 or 15 days
of LHTL are not more effective than 5 days.
In contrast, when combining all the data, i.e. 5,
10 and 15 days of LHTL, a 4% increase in
mean power output during a 4-minute time trial
over initial values was noticed after LHTL,
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whereas no changes were shown in the sea-level
control group. Nor was any change in sea-level.
VO2max observed after 10 days of LHTL
(12 h/day at 2700m and training at sea level) in
nine endurance athletes.[18]

Four groups had 4 weeks of ‘high-high-low’
training camp where they lived at 1780m, 2085m,
2454m or 2805m and trained together at low to
moderate altitude (high-intensity workouts
1250–1780m; base training 1700–3000m).

.
VO2max

increased after 4 weeks only at the three highest
altitude exposures by 8– 85mL, 206– 60mL,
308– 60mL, and 301– 73mL respectively, with
2085m and 2454m statistically greater than 1780m.
Both of the groups living at 2085m and 2454m
improved their 3000m time by 2.8– 0.7% and
2.7– 0.6%, respectively; or 15.7– 4.0 and 16.6– 4.2
seconds, respectively (p= 0.003 and 0.002). The
groups living at 1780m and 2805m did not improve
these times (1.1– 0.05% and 1.4– 1.1%; 6.3– 3.1
and 9.0– 7.1 seconds, respectively).[64]

In the French multicentric project,[23-34] an
increase in aerobic performance has been ob-
served in some conditions, i.e. in swimmers[28]

and runners,[34] but not in others, i.e. Nordic
skiers.[27] The change in aerobic fitness and per-
formance is determined by enhanced

.
VO2max

[34]

or submaximal parameters.[25,28,34]

Overall, these findings show a greater increase
in endurance performance with LHTL than with
sea-level training, together with an improvement in
mechanical efficiency and running economy in elite
endurance athletes. LHTL seems to enhance per-
formance to a greater extent in middle-distance
aerobic exercise (i.e. lasting 4–10min, such as the
4000m team pursuit cycling event or 1500m run-
ning) than in longer events (>30min). However,
few studies report no difference between LHTL
and sea-level training.[13,27] Thus, the stress stimuli
induced by the combination of training loads, re-
covery, hypoxic level and duration appear more
important in terms of their influence on the ensu-
ing physiological adaptations than those that are
induced by hypoxia on its own.

2.3.2 Anaerobic Performance

Only a few investigations into the effects of
LHTL on anaerobic performance have been con-

ducted. Nummela and Rusko[65] observed a 1% im-
provement in 400m race time in eight 400m
runners after a 10-day LHTL period (16–17h/day at
2200m and training at sea level), whereas no dif-
ference was observed in the control sea-level group.
Moreover, the LHTL group ran significantly faster
than the control group at 5.0mmol/L blood La.
The authors suggested that the improved 400m
sprint time after the LHTL period might have
been due to an improvement in muscle buffer
capacity. This was confirmed by Gore et al.’s[48]

finding of a significant (18%) increase in skeletal
muscle buffer capacity in six endurance athletes
after 23 days of LHTL (sleeping at 3000m and
training at 600m).

Hahn et al.[13] summarized several LHTL nor-
mobaric hypoxia studies and stated that sleeping in
moderate normobaric hypoxia (2650–3000m) for
longer than 3 weeks could induce practical advant-
ages for elite athletes, but thatmost of these potential
benefits were not likely to result from haematologi-
cal (i.e. increasedHbmass or increased

.
VO2max) but,

rather, from peripheral adaptations (i.e. muscle
buffer capacity or mechanical efficiency).

The physiological adaptations are supposed
to be identical when training in nitrogen-enriched
or with oxygen-extracted hypoxia. However,
the uncontrolled use of personal oxygen-
extracted hypoxic devices (i.e. hypoxic tents) may
lead to potential health problems that are not
encountered in nitrogen-enriched equipment that
is used under medical supervision. The pre-
liminary studies[66,67] conducted on the Hypoxic
Altitude Tent System� (HAT) reported a large
(16 ·) increase in CO2 inside the HAT within the
first hour of exposure at the simulated altitude of
2500m. However, CO2 did not reach unhealthy
levels (>3.0%) and the athletes reported only
small levels of discomfort or (adverse) side
effects. These authors suggested that altitude
tents provide a relatively safe and comfortable
normobaric hypoxic environment.

2.4 LHTL: Summary and Proposals to Athletes

The optimal altitude for living high has been
defined as 2200–2500m to provide an optimal
erythropoietic effect and up to 3100m for
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non-haematological parameters.[35,64,68,69] Owing
to the flat shape of the oxy-haemoglobin disso-
ciation curve above 60mmHg, changes in PaO2

may not have much effect on SaO2. Indeed, PaO2

values below 60mmHg are reached from alti-
tudes of about 2500m,[70] the optimal altitude for
LHTH is therefore between 2200 and 2500m.[71]

It is well documented that 1800–1900m is too low
an altitude for inducing consistent and large in-
crease in EPO.

The optimal duration at altitude appears to be
4 weeks for inducing accelerated erythropoi-
esis[9,68,69] whereas less than 3 weeks (i.e. 18 days)
is long enough for beneficial changes in econo-
my,[25,32,42,46] muscle buffering capacity,[45,48] the
hypoxic ventilatory response[72] or Na+/K+ ATP-
ase activity.[73,74]

One critical point is the daily dose of altitude. A
natural altitude of 2500m for 20–22h/day (in fact,
travelling down to the valley only for training)
appears sufficient to increase erythropoiesis and
improve sea-level performance.[9,46,69] ‘Longer is
better’ as regards haematological changes, since
additional benefits have been shown as hypoxic
exposure increases beyond 16h/day.[68] The mini-
mum daily dose for stimulating erythropoiesis
seems to be 12h/day,[35] but larger benefits have
been reported for exposure of 14–18h/day.[28,34]
For non-haematological changes, the implementa-
tion of a much shorter duration of exposure seems
possible.

2.5 Advances in the LHTL Method:
LHTLi, LHTL Interspersed

It is known that chronic hypoxia reducesmuscle
Na+/K+ ATPase content, whereas fatiguing con-
tractions reduce Na+/K+ ATPase activity, both of
which factors may impair performance.[74] One
observed potential side effect of LHTL is the de-
crease inNa+/K+ ATPase activity that is detrimental
to excitation-contraction coupling properties and,
therefore, particularly relevant to high-intensity
intermittent sports.[75] One way to reverse this
detrimental effect is to alternate nights in hypoxia
and nights in normoxia, for example, 5 nights in
LHTL interspersed with 2 nights in normoxia.[73]

This leads to an improved LHTL method that we
call LHTLi (LHTL interspersed).

3. Intermittent Hypoxic Exposure

3.1 Definition

Intermittent hypoxic exposure (IHE) or peri-
odic exposure to hypoxia is defined as an ex-
posure to hypoxia lasting from seconds to hours
that is repeated over several days to weeks. These
intermittent hypoxic bouts are separated by a
return to normoxia or lower levels of hypoxia.[76]

IHE in combination with training sessions in
hypoxia is referred to as intermittent hypoxic
training (IHT).[4,6] Intermittent hypoxic interval
training (IHIT) is defined as a method where
during a single training session, there is alterna-
tion of hypoxia and normoxia. Several experi-
mental designs with a great variability in the
length of exposure (seconds to hours), the num-
ber of hypoxic exposures a day, the number of
consecutive days of exposure, and the level of the
hypoxic stimulus are used in endurance sport and
have been studied.

IHE or IHT raise the question of the minimum
duration of exposure for inducing erythropoiesis.
Since only relative short periods of hypoxic
stimulus are needed to stimulate EPO produc-
tion,[77-81] it is assumed that IHE and IHT would
be sufficient to induce significant increases in
sEPO and RBCs and to consequently improve
the endurance performance and

.
VO2max, without

all the negative effects of prolonged hypoxic ex-
posure, such as fatigue, decrease in muscle mass
or immunodepression.

3.2 Haematological Adaptations

After IHE in progressively increased hypobaric
hypoxia (4000–5500m) for 90 minutes three times
a week for 3 weeks, Rodriguez et al.[78] reported a
significant increase in Ret count (180%), RBCs
(7%), Hb (13%) and Hct (6%). These authors
showed that 90 minutes of passive hypoxic ex-
posure was sufficient to obtain significant changes
in haematological parameters. An interesting
finding from their study was that blood viscosity
was not increased. The SaO2 during hypoxia was
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improved (from 60% to 78%). Unfortunately, no
control group was included in the investigation.

In 16 male triathletes who were exposed
3 hours a day for 5 days a week over 4 weeks
to a progressively increased simulated altitude
(4000–5000m), the same research group[82] ob-
served significant 100% and 440% increases in
sEPO 3 hours after the first and last IHE sessions,
respectively. However, no significant changes
were observed in the other haematological para-
meters (Ret, RBC, total plasma and serum
transferrin receptors) that were monitored. The
authors suggested that 180 minutes daily of IHE
was sufficient to increase endogenous EPO
secretion even in highly trained athletes but
without producing the subsequent erythropoietic
response. Therefore, it was unlikely that the per-
formance would have been increased.

Their findings were confirmed byRicart et al.,[83]

who investigated the effects of IHE, i.e. 2 hours a
day at a simulated altitude of 5000m over 14 days,
on resting and exercise responses in normoxia and
hypoxia. After the IHE period, no changes were
observed in any of the measured variables at rest or
during a normoxic submaximal exercise. However,
during a submaximal hypoxic exercise, ventilatory
responses (VE from 55.5 to 67.7L/min; tidal
volume: from 2.0 to 2.6L) and SaO2 (from 65% to
71%) significantly increased, showing the beginning
of an acclimatization to altitude without any
potential benefits for sea-level endurance perfor-
mance. In addition, Frey et al.[84] observed no
changes in haematological variables after a 21-day
IHE period, 75 minutes a day at 6400m (FIO2 »
9%), in moderately trained athletes. Meanwhile, a
significant increase in sEPO (38%) was measured
2 hours after the first IHE session.

Nevertheless, Hellemans[80] showed evidence
that contradicted the results of previous IHE
studies reporting an increase in EPO without any
erythropoietic responses. He investigated the
effects of a different IHE method that consisted
of alternating 5 minutes of inhaling low O2 gas
mixture with 5 minutes of ambient air during
60 minutes. The protocol was two IHE sessions a
day during 20 days in ten elite endurance athletes.
The FIO2 was ~10% (5800m) for the first 10 days
and then ~9% (6400m) for the last 10 days.

Significant increases in Ret count (29%), Hb (4%)
and Hct (5%) were reported.

3.3 Performance

The findings as regards the effect of IHE on
endurance performance are equivocal:

Hellemans[80] reported a significant improve-
ment (3%) in endurance performance. Rodriguez
et al.[78] reported a significantly increased power
output at the anaerobic threshold, but no signif-
icant changes in either

.
VO2max or cycling exercise

time. Frey et al.[84] observed, after an IHE of
75 minutes a day at 6400m (FIO2 » 9%) over
21 days, no changes in submaximal or maximal
exercise responses inmoderately trained female and
male athletes. Unfortunately, neither of these two
studies included a non-IHE control group. In ad-
dition, Rodriguez et al.[85] divided 23 well-trained
swimmers and runners to either a hypobaric hy-
poxic (IHE; simulated altitude of 4000–5500m) or
normoxic (control; 0–500m) group. Both groups
rested in a hypobaric chamber for 3 hours a day,
5 days a week over 4 weeks. No significant changes
in time trial performance, i.e. 3000m run or 100m
and 400m swim, were observed, within or between
groups. A significant increase in

.
VO2max (3.3% and

0.9%) and in ventilation at peak exercise (VEmax)
[8.1% and 1.2%] in the IHE and control groups,
respectively, was observed 3 weeks after the IHE
period.However, no significant differences between
groups were detected. Thus, IHE did not improve
swimming or running performance in welltrained
athletes to a greater extent than was observed in
athletes who followed the same training pro-
gramme without any hypoxic exposure.

In addition, Julian et al.[86] evaluated the effect
of 4 weeks of IHE in seven elite distance runners.
The IHE protocol was close to the one shown in
Hellemans[80] and consisted of altering 5 minutes
of hypoxic breathing with 5 minutes of normoxic
ambient air over 70 minutes, five times a week.
The FIO2 decreased progressively, from 12% in
the first week to 11% in the second week and 10%
in the third and fourth weeks. A sea-level control
group, who followed the same protocol in nor-
moxic conditions, was included. At days 1, 5, 10,
and 19 of the IHE protocol and 10 and 25 days
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after the IHE period, there were no significant
differences in

.
VO2max, 3000m time trial perfor-

mance, EPO, soluble transferrin receptor or retic-
ulocyte parameters between groups. Thus, 4 weeks
of IHE of 5:5 minutes hypoxic:normoxic exposure
over 70 minutes five times a week did not induce
any improvements in sea-level performance.

Recently the inefficiency of IHE has been de-
monstrated again in a double-blind study:[87]

after 15 days of IHE (1 h/day of 6 minutes of
breathing 10–11% O2 gas mixture alternated with
4 minutes of breathing room air), neither the
aerobic performance (

.
VO2max) nor the anaerobic

variables (peak or mean power during a Wingate
test) differed from those of the control group.

Overall, in studies with control groups, IHE
does not induce any substantial change in either
haematological parameters or in endurance
performance.

4. Intermittent Hypoxic Training (IHT)

Another way to benefit from hypoxic stimulus
without undergoing the detrimental effects of a
prolonged exposure to hypoxia is to train under
hypoxic conditions and to remain at sea level for
the rest of the time. Yet the living low training
high (LLTH) approach, also called intermittent
hypoxic training (IHT), may appear surprising
since the time spent in hypoxia may not be suffi-
cient to elicit a raise in RBCs like LHTL, and
therefore improve O2 carrying capacity. Further-
more, as during a long sojourn at altitude, the train-
ing velocity cannot be as high as at sea level because
of the decrease in

.
VO2max with hypoxia.[88,89]

However, LLTH could be advantageous anyway
since it can induce an additional stimulus as
compared with sea-level training. Specific mole-
cular adaptations at muscular level have been
reported after IHT unlike training in normox-
ia.[90] Over the last 20 years, many studies have
reported interesting information about the effects
of IHT at haematological andmuscular levels and
its consequences on performance. Roels et al.[61]

also investigated the effects of a new simulated al-
titude strategy, i.e. IHIT, which is defined as a
method whereby during a single training session,
there is alternation of hypoxia and normoxia.

4.1 Haematological Adaptations

As expected, in view of the time required for
erythropoiesis, no haematological change was
reported by most of the studies after IHT. Three
training sessions a week, each lasting 45 minutes
to 1 hour, at simulated altitudes varying from
2500 to 4000m over a period of 3–5 weeks did not
induce a change in Hct or Hb.[91-93] According to
several studies, an exposure of 1 h/day would be
insufficient to elicit haematological changes.[93-96]

Terrados et al.[97] have reported that even train-
ing sessions of 2 hours at 2300m, repeated
4–5 times a week for 4 weeks, did not modify
haematological parameters. These results are in
agreement with the fact that several hours of
continuous exposure to hypoxia are needed to
obtain an increase in the levels of EPO.[79,98]

These results were confirmed by Vallier et al.[91]

in elite triathletes performing IHT 3 days a week
over 3 weeks at a hypobaric-simulated altitude
of 4000m. The training sessions consisted of
~60 minutes of steady workouts at 66% of max-
imum power and interval workouts at 85% of
maximum power. Seven days after the end of
the IHT protocol, no significant differences were
observed in the haematological variables.

However, IHT may be more efficient at im-
proving haematological parameters if combined
with IHE. Rodriguez et al.[77] examined the
combined effects of IHE and IHT in 17 subjects
who conducted a high-altitude expedition. IHE
consisted in an exposure of 3–5 h/day for 9 days
at altitudes that progressively increased (from
4000m to 5500m). In addition, the subjects had
to perform three to five training sessions a week
(30–75 minutes each) at low intensity. The authors
observed a significantly increased RBC (+12%),
Ret (+54%), Hb (+18%) and Hct (+11%) when the
data of both groups were combined. These au-
thors concluded that IHE in hypobaric hypo-
xia could stimulate the erythropoietic response.
Casas et al.,[99] using the same protocol as
Rodriguez et al.[77] but for 17 days, found signif-
icant increases in packed cell volume from 41% to
44.6%, in RBC from 4.61 to 4.97 106 cells/mL and
in Hb from 14.8 to 16.4 g/dL. The authors sug-
gested that short-term hypobaric hypoxia with
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low-intensity training induced an improvement in
the blood oxygen transport capacity.

To our knowledge, Meeuwsen et al.[100] are the
only authors who reported an increase in Hct and
Hb following a non-combined IHT. In their study,
eight triathletes had to cycle for 2 h/day at 2500m
(60–70% of heart rate [HR] reserve) for 10 con-
secutive days. Two days after the IHT period, there
was an increase in both Hct (48– 2% vs 43– 2%)
and Hb (9.6– 0.19 vs 9.17– 0.27). Nevertheless,
9 days after the end of the training period these
parameters had returned to their baseline values.
According to the authors, this unexpected increase
in both Hct and Hb cannot be explained by dehy-
dration since there was no change in the plasma
volume. On the other hand, it is possible that the
concentration of training sessions over a 10-day
period as well as their duration played a role in
these haematological changes.

In view of all the results of the studies men-
tioned above, IHT alone does not seem to have any
significant effect on haematological parameters.
Combining this kind of training with IHE may,
however, be efficient as a method of improving O2

carrying capacity.

4.2 Muscular Adaptations

Training per se in hypoxia increases mito-
chondrial and capillary density, capillary-to-fibre
ratio, fibre cross-section area, myoglobin content
and oxidative enzyme activity such as citrate
synthase.[101-104] Moreover, LLTH protocols
improved

.
VO2max and endurance performance

not only in hypoxic conditions but also at sea
level.[97,101] Therefore, training under hypoxic
conditions (~3850m) seems to induce specific
muscular and peripheral adaptations, due to ac-
tivation of hypoxia-inducible factor 1a (HIF-1a),
which is not activated to the same extent by
training in normoxia or by passive hypoxic
exposure.[90]

The study of Terrados et al.[102] is one of the first
to have investigated the effects of IHT on muscle
tissue in man. The protocol consisted of training
one leg in normoxia and the other one in hypoxia
(corresponding to 2300m) for 30minutes 3–4 times
a week. Analysis of the muscular biopsies revealed

that both citrate synthase activity and myoglobin
content were higher after IHT as compared with
sea-level training. Another study using a similar
protocol confirmed that citrate synthase increased
more after IHT (~3500m; FIO2= 13.5%) than
after training in normoxia.[101] On the other hand,
Terrados et al.[102] did not report any change in
citrate synthase after a 1-month IHT at ~2300m in
elite cyclists.

More recent studies have tested the effects of a
6-week IHT (five sessions/week) on muscular
adaptations in untrained men.[90,105,106] The sub-
jects were divided into normoxic and IHT (3850m;
FIO2= 13%) groups. Within each group, a high
(at the anaerobic threshold) and a low (at ~25%
below the anaerobic threshold) training intensity
subgroup was formed. Muscle biopsies of the
vastus lateralis showed an enhancement of capillary
length density after IHT only, as well as a greater
increase in mitochondrial volume density after
IHT than after training at sea level. Interestingly,
the greatest increases in both these parameters
occurred in the IHT group who trained at high
intensity. Thus, when IHT was performed at high
intensity, it induced greater muscle adaptations
to compensate for the decreased O2 availability.

Together, these results demonstrate that IHT
leads to muscular adaptations that either do not
occur in normoxic conditions or, if they do so, do
so to a lesser degree. These muscular changes may
have an origin at the molecular level, via the acti-
vation of a transcription factor, namely HIF-1,
expressed in skeletal muscle of all mammalians.
Vogt et al.[90] have reported an increase in HIF-1a
messengerRNA (mRNA) after both high (+ 82.4%)
and low (+78.4%) training intensity in hypoxia
(3850m), demonstrating that IHT could modify
the gene expression. The higher concentration of
HIF-1a mRNA was accompanied by an increase
in both mRNA of vascular endothelial growth
factor (VEGF) and myoglobin but only after the
high-intensity training in hypoxia. These findings
made the authors conclude that training in hy-
poxia at high intensity is the most likely way to
favour oxygen transport and utilization under
hypoxic conditions.

Very recently, another study emphasized the
role of exercising at high intensity on the extent
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of muscular adaptations during IHT.[49,107] In
this study, endurance-trained subjects performed
6 weeks of training at the second VT (VT2). Con-
trary to the previous studies, training in hypoxia
was not carried out at each session but included
twice a week within the normal training of the
athletes. Furthermore, the simulated altitude was
lower (~2500m). After the training period, most
results of the muscular biopsies were significant.
The authors especially found an increase inmRNA
concentrations of HIF-1a (+104%), glucose trans-
porter-4 (+32%), phosphofructokinase (+32%), ci-
trate synthase (+28%), carbonic anhydrase-3 (+74%)
or monocarboxylate transporter-1 (+44%). No
change occurred in the control group. However,
unlike what was previously reported,[78] there was
no significant difference in mRNA concentra-
tions of VEGF and myoglobin after IHT. The
practical implications of the responses of the
genes to training are still questionable.[108] First-
ly, the observed increase in mRNA of these en-
coding proteins (enzymes, transcription factor)
does not automatically induce an increase in the
synthesis of the specific proteins regulating the
response to altitude training. The continuity be-
tween specific signalling pathways and subse-
quent protein synthesis in response to altitude
training has not been detailed. Secondly, there is
a discrepancy between the local molecular chan-
ges and the global physiological changes, as
shown for example in IHT by Vogt et al.[90] How-
ever, these results, by showing that the expression
of many genes in muscles is specific to training in
hypoxia and different to training in normoxia,
highlight the complexity of the adaptive multi-
factorial response to altitude training.

4.3 Performance

The main objective of altitude training is to
improve sea-level performance. Therefore, one
could wonder whether the molecular and struc-
tural adaptations following IHT are advanta-
geous after the return at sea level.

Since the LLTH method has been reported to
improve some factors involved in O2 utilization
within the muscle[49,90,101,102,104,106,107] but also to
positively modify pH regulation and lactate

transport,[49] an improvement in aerobic and/or
anaerobic performance might be expected after
IHT.

4.3.1 Aerobic Performance

While several studies have reported that IHT
induced a better aerobic performance in hypoxic
conditions,[97,106,109] what about performance in
a normoxic environment? Like the other hypoxic
methods, the results are controversial.

Some studies did not find any change[91,97] or
reported no greater improvement in normoxic.
VO2max after LLTH than after sea-level train-
ing.[93,106] This result was confirmed by the
studies of Roels et al.[61,110,111] IHIT and IHT
of up to ~115min/week were not sufficient to
elicit a greater increase in aerobic performance or
significant changes in haematological variables
compared with a similar normoxic interval
training.[61] However, these different training
methods induced different responses during the
3-week post-training period: only the IHT group
maintained their performance.

An IHT of ~380min/week was not sufficient to
elicit a greater increase in aerobic or anaerobic
performances or significant changes in haemato-
logical variables and MCT1 and MCT4 protein
content, when compared with a similar nor-
moxic interval training. However, IHT improved
the aerobic power at altitude.[110] An IHT of
~380min/week altered the intrinsic properties of
mitochondrial function, i.e. the substrate pre-
ference such that lower fat oxidation and in-
creased glutamate utilization were observed.[111]

On the other hand,
.
VO2max increased 9 days

after training in hypoxia in the study of Meeuwsen
et al.,[100] whereas it was unchanged after 2 days.
This may be explained by the higher concentration
and duration of the training sessions. Nevertheless,
a 5% increase in

.
VO2max has also been found

by Dufour et al.[109] after 6 weeks of IHT in en-
durance trained runners. Furthermore, a dramatic
improvement of the time to exhaustion (+35%) as
well as a higher

.
VO2 at VT2 (+7%) was also

reported in this study. According to the authors,
these results were due to the combination of the
hypoxic stimulus and the high training intensity
that was established at VT2. Another study using
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high-intensity interval training (45–60 minutes
within a 2-hour session in hypoxia) 4–5 times a
week in elite cyclists reported an increase both in
work capacity and inmaximal power output during
a laboratory test in normoxia.[97] It was concluded
that performance at sea level was at least as much
improved by hypoxic as by normoxic training.

Previously however, a 5-week high-intensity
IHT did not lead to a greater improvement in.
VO2max measured in normoxia in a 400m free-
style than that obtained by sea-level training in
swimmers.[92] Similar results concerning

.
VO2max

as well as lactate threshold were reported in team
sports players after a 4-week period of IHT that
consisted of cycling 30 minutes at high intensity
three times a week. In both these studies, the du-
ration of the high-intensity exercises in hypoxia
was shorter than in the study of Dufour et al.[109]

(30 seconds to 1 minute vs 12–20 minutes) or
Terrados et al.,[97] which could partly explain
the lack of significant results. Recently, Roels
et al.[110] have found that 3 weeks of IHT com-
bining continuous training at low intensity (60%.
VO2max three times a week) and interval training
(100% of peak power output twice a week) had no
effect on

.
VO2max and did not increase maximal

power output more than training at sea level.
Another way to perform IHT is to use interval

exercises alternating hypoxia and normoxia peri-
ods (IHIT). This original approach does, however,
not seem efficient in eliciting a greater increase in
aerobic performance or significant changes in
haematological variables compared with similar
normoxic interval training.[61] Another strategy
could be to combine IHE and IHTwithin the same
training period. Using this approach, Rodriguez
et al.[77] found a significant increase in exercise time
(+3.9%) and VEmax (+5.5%) but without any
change in

.
VO2max. These authors suggested that

short-term IHE stimulates EPO secretion (see
haematological adaptations), which in turn en-
hances endurance performance. The same research
group[99] also reported that the combination of
IHT and IHE induced a decrease in submaximal
HR, a shift to the right of the lactate versus exercise
load curve, and an increase in the anaerobic
threshold, which indicates an enhanced endurance
performance.

When taking into account the results of all the
studies presented above, one could conclude that
IHT might have a positive impact on aerobic
performance but whether it does so or not prob-
ably depends on the combination of exercise
duration and intensity as well as on the degree of
hypoxia during training.

4.3.2 Anaerobic Performance

Very few studies have, to date, focused on
the effects of IHT on anaerobic performance.
Among these studies only one has found positive
effects.[100] In this study, 9 days after training in
hypoxia, performance in the Wingate test (i.e. an
anaerobic specific test) significantly increased, in
contrast to what was observed in the control
group. Both peak and mean power reached
during this test were improved, by about 5% on
average. Furthermore, the time to peak was
decreased by 37%. Another study also found an
improvement in peak and mean power during the
Wingate test but the difference was not sig-
nificant compared with the group who trained
at sea level.[112] Truijens et al.,[92] who assessed
anaerobic performance in swimmers using a
100m freestyle time trial, did not find a greater
improvement in the hypoxic than in the control
group. They also reported no change in anaerobic
capacity, as assessed by the accumulated oxygen
deficit.

The current data are probably insufficient to
conclude whether IHT has a positive impact on
anaerobic performance or not. Even though
some factors involved in pH regulation or lactate
transportation could change after IHT[49] and
could therefore be advantageous for anaerobic
glycolysis, further studies will have to be carried
out to provide more information.

4.4 An Original Intermittent Hypoxic Training
(IHT) Method: Training with Voluntary
Hypoventilation

Very recently, two studies have demonstrated
that it could be possible to get a significant arterial
desaturation during exercise without being placed
in an hypoxic environment.[113,114] This is actually
possible by voluntarily reducing the breathing
frequency and by holding one’s breath at low

16 Millet et al.

ª 2010 Adis Data Information BV. All rights reserved. Sports Med 2010; 40 (1)



pulmonary volumes. Thus, repeatedly using this
respiratory technique during training would re-
present an intermittent hypoxic exposure and could
therefore be likened to IHT, although hypoventi-
lation also induces hypercapnia.

Woorons et al.[113] have shown that training
that way did not modify haematological para-
meters or aerobic performance. On the other
hand, the authors reported both a higher pH and
HCO3

- at a high submaximal intensity reflecting a
delayed acidosis possibly due to an improvement
in the buffer capacity. Furthermore, the velocity
at maximal exercise was improved by 0.5 km/h in
85% of the subjects and correlated to the change
in HCO3

- at submaximal exercise. Even though
no other study has ever investigated the effects of
voluntary hypoventilation training, these first
results suggest that this training method could be
advantageous for anaerobic performance. Fur-
ther studies should in any case bring more
knowledge to bear on this specific topic.

4.5 IHT: Summary and Proposals to Athletes

Athletes engaged in endurance sports could
take advantage of IHT especially during the pre-
competitive phase. Twice a week, they should
include in their training programme a training
session including 30–45 minutes of high-intensity
exercises at a simulated altitude of 2500–3000m.
The high-intensity exercises should be around the
anaerobic threshold and organized in series of
10–20 minutes. To obtain a greater improvement
in aerobic capacity, in addition to IHT, athletes
could spend 3 hours in hypoxia at rest, 4–5 times
a week.

IHT seems more beneficial than IHE in per-
formance enhancement, but without clear ex-
planation. The results of Hoppeler and Vogt[115]

are promising in that they show that hypoxic ex-
ercise intensity per se might play a role on adap-
tations at the molecular level in skeletal muscle
tissue. While research on intermittent hypoxia
has accelerated in the recent years, many basic
and applied questions still remain to be answered.

Overall as pointed out by Wilber,[1] it is un-
likely that IHT induces any improvement in.
VO2max as a result of the altitude dose (no IHT

studies have reported this increase). However,
improvement in athletic performance is likely to
happen with high intensity (above ventilatory
threshold) due to an increase in mitochondrial
efficiency and pH/lactate regulation.[49,107,116]

4.6 A Promising Combination: Living
High-Training Low and High, Interspersed

There is an agreement that LHTL induces
some slight increase in aerobic performance
(1.0–1.5%)[1,117] and we propose using a modified
pattern by alternating nights high and nights low
(LHTLi; e.g. 5–2 or 6–1). In addition, there is
clear evidence that intense exercise at high alti-
tude stimulates to a greater extent the muscle
adaptations for both aerobic and anaerobic
exercise and limits the decrease in power.

It is currently unknown if coupling LHTL and
ITH would be the optimal combination and
further scientific investigations are required.
However, we suggest that a training pattern asso-
ciating LHTLi (five nights at 3000m and two
nights at sea level) with training at sea level
except for a few (2.3 per week) sessions of supra-
threshold training might be very efficient, espe-
cially in intermittent sports (football, tennis,
squash). Of interest is that this combination of
hypoxic methods (that we suggest naming
LHTLHi) is currently used with success by squash
and football players in a sports academy, and was
used by a national football team during the qua-
lification games for the 2010 World Cup.

5. Proposals for Optimal Combination
of Hypoxic Methods in the Yearly
Training Plan

One of the most difficult tasks of the coach is
to lead his athletes at their peak fitness at the
appropriate time, i.e. for the main competition.
Periodization is critical in every sport and peri-
odization of hypoxic training is very challenging.

As described in this review, the underlying mech-
anisms behind the effects of hypoxic training are
widely debated. Although the popular view is that
altitude trainingmay lead to an increase in haemato-
logical capacity, this may not be the main, or the
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only, factor involved in the improvement of perfor-
mance. Other central (such as ventilatory, haemo-
dynamics or neural adaptations) or peripheral (such

as muscle-buffering capacity or economy) factors
play an important role. Therefore, it is logical that
the extent to which an athlete may benefit from
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training
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period at
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Base model: combination between hypoxic training and normoxic training in the preparatory training period
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load

Very high
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Fig. 3. Schematic view of combinations between periods of training in hypoxic and normoxic conditions: one to three base models can be proposed
during the preparatory training period depending on the duration of this period: (a) base training; (b) preparation for competitions at altitude; and
(c) preparation for competitions at sea level. A base training model can be followed by an hypoxic training model to prepare competitions at sea level
or at altitude. Int = intensity of the training; MAP = maximal aerobic power; VT1 = first ventilatory threshold; VT2 = second ventilatory threshold.
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these different methods of hypoxic training will
differ according to both his/her general and specific
training focus (i.e. between endurance, intermittent
such as team sports and racket sports, or sprint/
power sports; and between different periods of the
training year). To date, there is no study that has
investigated how to incorporate hypoxic training
into the athlete’s general training programme. So
the following proposal requires further investiga-
tion. We propose two different patterns of combi-
nation of hypoxic and normoxic methods.

The first proposal is a ‘traditional’ approach
using only terrestrial LHTH hypoxic exposure and
combines high-high and sea-level training phases
during the base training (figure 3a), to prepare for a
competition in altitude (figure 3b) and at sea level
(figure 3c), respectively.

The second proposal combines all the hypoxic
methods described in this review (LHTH, LHTL,

LHTLHi and IHT) and therefore requires some
specific technological equipment.

5.1 Combining High-High Hypoxic and
Sea-Level Training

The choice of the duration, altitude level; i.e. alti-
tude dose and training content; volume; intensity;
i.e. training load is paramount in order to optimize
the hypoxic benefits and to peak in elite athletes.

The intensity of training lower or equal to the
first VT (VT1) can be considered as the base of
the training for the high-level athletes in en-
durance.[118-123] This intensity of training is par-
ticularly important in association with hypoxic
stress, especially during the acute hypoxic period
as shown by Schmitt et al.[24] Indeed, the acute
hypoxic situation modifies autonomic nervous
system (ANS) activity by decreasing the total
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44
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Preparatory competition
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Fig. 4. Schematic view of periodization of hypoxic methods in endurance, glycolitic and intermittent sports. IHT = intermittent hypoxic training;
LHTH = living high-training high; LHTLHi = living high-training low and high interspersed.
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heart rate variability (HRV) and especially high
frequency activity (HF),[118] whereas training at
or lower than VT1 intensity increases HRV and
HF.[124] Furthermore, Seiler et al.[121] showed
that VT1 may define ‘binary’ thresholds for ANS/
HRV recovery in highly trained athletes. The as-
sociation of training at an intensity lower or
equal to VT1 and hypoxic stress is thus well sup-
ported by athletes and is an optimal combination
to improve aerobic capacities during the critical
period of the acute hypoxia. Progressively after
the acclimatization period, usually from the ~8th
day, HRV and HF start to increase.[125] It is there-
fore possible to prescribe higher training inten-
sities, for example, between VT1 and the second
ventilatory threshold (VT2), and progressively
intensities higher than VT2.

5.2 Combining All Hypoxic Methods

The second proposal aims to use advanced tech-
nological methods in order to combine haemato-
logical and peripheral benefits of each of these
methods in order to improve peak performance in
elite athletes.

Periodization in three types of sports are pro-
posed and summarized in figure 4.

5.2.1 Endurance Sports

Since extensive ‘base training’ is paramount in
this type of sport, LHTH training during winter
appears appropriate. The decline in exercise in-
tensity will not be detrimental at this time of the
year. Repeating several LHTH sojourns at high
altitude will also help to speed up the acclimatiza-
tion from one camp to another. It is known that
the threshold altitude for a sustained increase in
blood EPO concentration is about 2200m. We

therefore recommend two to three sojourns of
3–4 weeks each between 2200 and 2500m.

During the pre-competition phase, a shorter
sojourn (18–21 days) at a lower altitude
(1800–2000m) will allow more intense interval-
training sessions.

During the competition period, athletes can
benefit from intense IHT sessions or – if there is a
break from a LHTLHi block (sleeping high at
3000m for 5 days – sleeping at sea level for 2 days
and training in normoxia except for two hypoxic
‘threshold’ sessions per week).

5.2.2 ‘Glycolytic’ Sports

During the winter preparation, the programme
would benefit from a sojourn at altitude
(2200–2500m) aiming to increase the RBC volume.
Later, inclusion of 3-week blocks (1–2 IHT sessions
per week: supramaximal interval training and/or
lactate tolerance session at high altitude 3000m)
alternated with normoxic-only training would
boost the muscle ‘anaerobic’ adaptations.

Prior to the main competition, LHTLHi
(2–3 weeks of sleeping high 3000m for 5 days –

sleeping at sea level for 2 days and training in
normoxia except for two hypoxic interval-training
sessions per week) would allow peaking without
reducing the intensity of the specific sessions.

5.2.3 Intermittent Sports

During phase 1 of the winter preparation,
a sojourn at a low altitude (1500–1700m) would
be of benefit, aiming to develop aerobic fitness.
Later, a few blocks of 3 consecutive weeks (1–2
IHT sessions per week: supramaximal interval
training) would help to increase muscle adapta-
tions for pH and buffer capacity.

Table I. Overall efficiency of various hypoxic methods (calculated from Wilber[1])

Hypoxic method Number of studies Increased performance/positive mechanisms No additional effect Negative mechanisms

Nitrogen dilution 19 12 2 5

Oxygen filtration 10 5 2 3

LHTL 58% 14% 28%

IHT 16 8 8 0

50% 50% 0%

All 45 56% 18% 18%
IHT = intermittent hypoxic training; LHTL = live high-train low.
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LHTLHi (2–3 weeks of sleeping high at
2500m for 5 days, sleeping at sea level for 2 days
and training in normoxia except for one hypoxic
interval-training session per week) would be appro-
priate to boost both central and peripheral adapta-
tions prior to the main tournament/performance.

6. Conclusions

The aims and benefits of the various hypoxic
methods are numerous and extend beyond an in-
crease in O2 transport capacity. It is known that
IHE is inefficient for performance enhancement.
The efficiency of the other methods was evaluated
in a recent review[1] and is summarized in table I.

LHTL has been well investigated; the other
methods (IHT and LHTLHi) still require further
investigation to better understand their outcomes
andmechanisms.However, the further development
of practical expertise in hypoxic training will pre-
dominantly involve decisions about how to combine
these methods in order to induce optimal perfor-
mance in various types of sports and to reach peak
performance in the athlete’s main competitions.
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