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SUMMARY

Background. Altitude training has been shown to improve endurance and ultra-en-
durance performance at altitude, whereas the possible benefits from altitude/hypoxic
training for competing at sea level have been, and still are, a matter for debate. Reasons
for this discrepancy may result from the variety of protocols utilized in terms of alti-
tude, natural or simulated, to which the athletes were exposed, and amount of the
time spent at altitude. In order to conciliate previous findings and provide practical
recommendations to athletes, the concept of optimal “hypoxic dose” has been defined.
Methods. To perform a review of the literature concerning the effects of altitude train-
ing on athletic performance.

Results. The dominant paradigm is that the improved performance at sea level is due
primarily to an accelerated erythropoiesis due to the reduced oxygen available at alti-
tude, leading to an increase in red cell mass. Indeed, in recent years it has become
evident that other non-hematological factors (improved muscle efficiency, greater
muscle buffering capacity, etc.), may contribute to improve athletic performance.
Conclusions. Despite more than fifty years of research and studies, altitude training
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remains a controversial issue and yet, there are many unanswered questions.
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INTRODUCTION

Altitude/hypoxic training has been used since the 1960s
by endurance athletes in an attempt to improve sea level
performance. The original method of altitude/hypox-
ic training was one in which athletes lived and trained
at moderate altitude (1500-3000m), for the purpose of
increasing erythrocyte volume and ultimately enhancing
sea-level maximal oxygen uptake (VO, ) and endur-
ance performance. Live high - train high (LHTH) alti-
tude training is still used today by sea level athletes who
complete altitude training camps at specific times during
the training year (1), and of course by altitude residents,
such as the Kenyan and Ethiopian runners. However, one
major conclusion drawn from both anecdotal and scien-
tific evidence regarding LHTH altitude training, was that
endurance athletes did not seem able to train at an equiv-
alent or near-equivalent training intensity (e.g., running
velocity) as compared with sea-level training. Thus, there
may be a detraining effect associated with LHTH, which
likely accounts for the evidence that, when appropri-

ate control groups have been included, living and train-
ing at altitude have not been proven to be advantageous
compared with equivalent training at sea level (2).

To overcome this limitation, Levine and Stray-Gundersen
(3) proposed the “live high train-low” (LHTL) model about
twenty years ago. The general idea was that if athletes could
live and sleep at altitude but train at sea level, they could
acquire the physiological advantages of altitude acclimati-
zation for maximizing oxygen carrying capacity, without the
detraining associated with hypoxic exercise. In their orig-
inal study (3), 39 college runners underwent 2 weeks of
lead-in training and 4 weeks of controlled sea-level training
where after the subjects were randomly assigned to 4 weeks
of either living at 2500 m and training at 2500-2700 m
(LHTH), living and training at sea level (Control), or living
at 2500 m while training at lower altitudes between 1200
and 1400 m (LHTL). Following the various training camps,
VO, . was increased with LHTH and LHTL, but 5000 m
running performance was only significantly increased in the
LHTL group (3).
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Over the last two decades, a large amount of research has
been conducted adopting the LHTL approach in endur-
ance athletes of different disciplines and competitive level,
leading to controversial results. Several studies (4,5,6,7) and
meta-analyses (8) support the sea level performance bene-
fit of properly executed LHTL altitude training, whereas
others have failed to do so (9) and question the usefulness
of this practice (10,11).

At a glance, most of these studies have used small sample
sizes and present limitations in the study design, such as the
lack of a control group, that do not allow to rule out the
occurrence of placebo, nocebo and training camp effects
(8,10). Numerous reasons may explain this discrepancy.
Because the geography of many countries does not readily
permit LHTL and due to practical (logistically and finan-
cially) constraints, it may not be convenient for athletes to
spend time at natural altitude. To overcome this potential
problem, studies have been conducted substituting “terres-
trial” altitude exposure (hypobaric hypoxia) with the use
of ‘nitrogen housing’, where indoor living areas are flushed
with N, or use of molecular oxygen sieves to decrease FI1O,
and thus stimulate exposure to high altitude (normobar-
ic hypoxia). Whereas, it seems that for the same inspired
partial pressure of oxygen, the erythropoietic respons-
es leading to the increase in haemoglobin mass is similar
(12), others various biological markers such as ventilation
and nitric oxide metabolism show a different behavior (13).
While still largely debated (14,15), it currently remains unre-
solved if normobaric and hypobaric hypoxic exposure elicit
different physiological or pathophysiological responses.
Another factor to be considered is the iron status of the
athletes involved in these studies. As reported by Stray-Gun-
dersen et al., (1992) (16), no increase in red cell mass (RCM)
or VO, occurred in nine iron-deficient distance runners
(serum ferritin <30 ng/mL for men, <20 ng/mL for women,
before departure) after 4 weeks at 2500 m, while athletes
with adequate ferritin levels pre altitude demonstrated
significant increases in RCM and VO, post altitude camp.
Indeed, emerging data suggest that iron supplementation
may be a necessary requirement for adequate erythropoiesis
with altitude exposure (17). In turn, this may explain why
some of those studies failed to demonstrate improvements
in VO,__ or performance following altitude training.
Regardless of iron status pre altitude, individual variability
in the response to altitude/hypoxic exposure is an import-
ant factor that needs to be accounted for when planning
altitude training and specific living/training elevations (18).
Different responses between athletes have been reported for
various parameters such as the EPO response to both short-
and long-term exposure to hypoxia, ventilator acclimatiza-
tion, and ability to maintain training volumes and intensities
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at altitude (18). Overall, the balance between those adap-
tations, or lack thereof, will determine whether the athlete
will experience improvements in VO,  and performance
following chronic hypoxic exposure. In this regard, ongo-
ing research is devoted to identify the specific characteris-
tics (genotype or phenotype) that influence the observed
individual variation in the altitude/hypoxic acclimatization
response.

Interestingly, in attempt to conciliate the inconsistent find-
ings of the literature and to provide practical recommen-
dations to athletes and coaches, the concept of optimal
“hypoxic dose” has been defined (19,20). Given the vari-
ety of protocols used in LHTL studies in terms of: 1) the
altitude—natural or simulated—at which the athlete was
exposed; 2) number of days of altitude/hypoxic exposure,
and 3) number of hours per day of altitude/ hypoxic expo-
sure, researchers have focused on the question: in using
LHTL, what is the optimal hypoxic dose needed to produce
the expected beneficial physiological responses and sea-lev-
el performance effects in most participants? Obviously,
there is no “one size fits all” model when considering alti-
tude training, however Constantini et al., (2017) (17) have
recently summarized current best-practice altitude training
guidelines to optimize sea level endurance performance.
The information provided is based on evidence-based prac-
tices from multiple laboratories and anecdotal observations
by the authors and others. While the specific response to
altitude is highly individualized, following these guide-
lines and recommendations will help improve the odds of a
successful altitude training camp outcome.

Physiological mechanism(s) responsible for the
improved performance after altitude training

Exposure to environments with reduced partial pressure
of oxygen (PO,) induces a number of physiological adap-
tations that are potentially beneficial for athletic perfor-
mance. The prevailing paradigm of adaptation to a lower
O, availability, either in natural or simulated hypoxic envi-
ronment, is an increased synthesis and release of EPO that,
given adequate iron stores, leads to an increased rate of
red blood cell production and hemoglobin mass (Hb_ ).
These hematological changes improve oxygen carrying
capacity and are partially responsible for the improvement
of sea level VO, . Although some authors have explicitly
related the change in sea level performance following an
altitude training camp to the change in serum EPO levels*
2! at altitude, the correlation for the change in VO, versus
the change in red blood cell volume yielded an ?=0.137°.
This means that 86% of the variance in VO, is attribut-
able to factors other than the change in Hb__ . Incidental-
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ly, it is important to be aware that VO, is not the sole
determinant of performance. Among elite athletes, other
factors such as exercise economy and the fractional utili-
sation of VO, __ are also important determinants of endur-
ance performance?. In addition to the increase in Hb__, a
number of nonhematological factors, such as an enhance-
ment of muscle efficiency and of both muscle buffering and
ability to tolerate lactic acid production, have also been
proposed to contribute to improved sea level performance
following altitude training (see the review of Gore et al.,
2007) (23). Consistent with this view, is the observation
that high altitude natives have shown a better economy of
locomotion than sea level residents (24).

Time to return to sea level

Another key unanswered question, which is rarely
addressed, concerns the proper timing of return to sea level
prior to competition (25). So far, researchers have been
almost exclusively focused on the mechanisms and time
course of altitude acclimatization and there is a paucity of
data on the time course of de-acclimatization from altitude.
Indeed, mistiming of the return to sea level can poten-
tially result in the athlete performing worse than pre alti-
tude. At present, there is meager evidence based research
on optimal timing of return for enhanced sea level perfor-
mance, and most recommendations are based on anecdot-
al evidence from coaches. Three physiological mechanisms
should be considered when timing the return to sea level
prior to competition: (1) red blood cell mass decay, (2)
ventilatory acclimatization, and (3) biomechanical/neuro-
muscular adaptations associated with force production.
With regard to the first and likely most important mech-
anism, it has recently been observed how the red cell mass
(26) or the total Hb___ (27) of subjects acclimatized to alti-
tude rapidly decreased by 10% to 15% over the first few days
after descent to sea level. This physiological process, defined
neocytolysis, is characterized by a selective hemolysis of the
youngest circulating red blood cells when EPO levels fall
below resting baseline levels. Whether periods of intermittent
hypoxia, either at night while sleeping or even with the hypo-
baria of airline travel, could result in enough EPO release to
prevent neocytolysis and preserve the hematological acclima-
tization response for a longer time is matter of future research
(25). At present, the proper timing of return to sea level prior
to competition remains elusive from a physiological point
of view. Given the large individual variability, it is likely that
each athlete may display his or her own signature of de-accli-
matization with sea level residence, and knowledge of person-
al decay rates may allow for individualized prescriptions of
when best to complete post altitude camp (25).
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Preparation for ultra-endurance performance at
altitude

Whereas the possible benefits from altitude/hypox-
ic training for competing at sea level have been, and still
are, a matter for debate, the usefulness of this approach to
improve endurance and ultra-endurance performance at
altitude cannot be questioned. Given the wide proliferation
of ultra-long endurance races held at moderate (for instance
the Tor des Géants, a foot race on a distance of 356 km
reaching 3000 m with a positive altitude difference of 27
km) and high altitude (for example the Himal Race 2020,
850 km distance up to 5364 m with a positive altitude differ-
ence of 40 km), it is of paramount importance for athletes
engaged in these events to know whether a sojourn at alti-
tude prior to the competition will be useful or not.

It is well established that endurance performance of sea
level dwellers is impaired acutely upon arrival at moderate
altitude, mainly due to a large drop in arterial oxygen satu-
ration and gradually improves due to ventilatory acclimati-
zation and an increase of the haematocrit. As a result, since
the Summer Olympic Games 1968 held in Mexico City,
athletes, coaches and mountaineers are required to establish
optimal preparation programs for competing at altitude.
From the analysis of the literature, an exposure to hypobaric
hypoxia of at least 2 weeks seems to be necessary to achieve
a proper acclimatization and compete at the optimal level
in ultra-endurance events held at altitudes up to 4,500 m.
However, in some situations, such an ideal acclimatization
profile cannot be realized for logistical, socioeconomic and/
or individual reasons. When time for a proper acclimatiza-
tion is not available, a “pre-acclimatization”, the exposure
of the body to real or simulated altitude for even an inter-
mittent, limited duration, may represent an option. Unfor-
tunately, there is not yet much scientific evidence about the
optimal approach (altitude, duration of hypoxia and dura-
tion of normoxia between the hypoxic phases) to adopt. In
order to reduce the risk of high-altitude illness, the recom-
mended strategy is to remain at an altitude between 2000
and 3000 m for about a week and to include day hiking or
climbing at higher altitudes (28). Profound knowledge and
consideration of the individual differences in the physiolog-
ical responses to a sojourn and training at altitude is essen-
tial to coaches, team doctors and athletes for competitive
success (29).

CONCLUSIONS

Although the current scientific evidence is somehow contro-
versial, there is a widespread acceptance that altitude train-
ing can enhance endurance performance at sea level. As a
matter of fact, since the relative improvement in perfor-
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mance required by an elite athlete to increase their chance
of winning medals at international competition is about
0.5% (30), it is not surprising that with small sample sizes
(less than 20 participants), many studies have been under-
powered to detect a change of this magnitude using conven-
tional statistics.

Current guidelines for optimal altitude training in order to
enhance sea level endurance performance have been recent-
ly summarized (17). While the specific response to altitude
acclimatization and de-acclimatization is highly individu-
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alized, following the proposed guidelines and recommen-
dations will help improve the odds of a successful altitude
training camp outcome.

More research, with a robust study design, should be done
to determine whether or not altitude training leads to
improvements in sea level performance.
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