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ABSTRACT
The question of whether altitude training can enhance
subsequent sea-level performance has been well
investigated over many decades. However, research on
this topic has focused on athletes from individual or
endurance sports, with scant number of studies on
team-sport athletes. Questions that need to be answered
include whether this type of training may enhance team-
sport athlete performance, when success in team-sport is
often more based on technical and tactical ability rather
than physical capacity per se.
This review will contrast and compare athletes from


two sports representative of endurance (cycling) and
team-sports (soccer). Specifically, we draw on the
respective competition schedules, physiological
capacities, activity profiles and energetics of each sport
to compare the similarities between athletes from these
sports and discuss the relative merits of altitude training
for these athletes. The application of conventional live-
high, train-high; live-high, train-low; and intermittent
hypoxic training for team-sport athletes in the context of
the above will be presented. When the above points are
considered, we will conclude that dependent on
resources and training objectives, altitude training can be
seen as an attractive proposition to enhance the physical
performance of team-sport athletes without the need for
an obvious increase in training load.


BACKGROUND
A common refrain in altitude training papers in
recent years has been that despite years of research
no consensus exists on whether altitude training
enhances sea-level performance. There are various
models for sport science research, and an import-
ant first step is to identify a real-world problem or
issue faced by athletes and coaches.1 This review
will attempt to assist team-sport coaches and scien-
tists in deciding on whether to use altitude training
with their athletes based on a review and compari-
son of the literature on a group of athletes that it is
largely accepted can benefit from altitude training.
Many researchers are convinced that altitude


training can confer small, yet meaningful enhance-
ments in sea-level performance.2–18 This is only
true, of course, where athletes enter altitude train-
ing free from illness and fatigue and thus capable
of acclimatisation.19 This opinion is not ubiquitous,
with some researchers citing the lack of double-
blind, placebo-controlled studies to conclude that
this method is truly effective.20 No doubt this ques-
tion will continue to be debated for some time, as
our knowledge increases through the collective


efforts of several research groups.3 19 21–24 The
majority of studies on altitude training have used
‘individual sport’ or ‘endurance’ athletes to estab-
lish the efficacy of this training,2–18 which leads to
another portion of this question that has received
scant attention in the literature until now,22 25–27


that is, can altitude training benefit team-sport
athlete physical performance? A series of well-
controlled studies with matched training content
will ultimately help answer this question. Another
important consideration is whether all team-sport
athletes actually need to improve their fitness or at
least whether improvements effectively translate
into better performance during games.28 In con-
trast to cycling for example, the outcomes in team
sports rely heavily on technical/tactical actions,
which may be less dependent on physical fitness.
However, the supposed physiological and perform-
ance benefits with altitude training may be gained
with only limited alteration of the technical/tactical
training programme, together with the maintenance
of sea level training loads. During an altitude camp,
the adaptations are triggered throughout continued
exposure to hypoxia; there is no need for extra
fitness sessions that may compromise recovery and/
or increase injury risk. This article will outline the
key differences and similarities between individual-
sport and team-sport athletes, the competitions
they are involved in, how they train, their activity
profiles in competition and conclude with a view
on the likely success of altitude training for these
athletes drawing on the few studies investigating
this question. For simplicity, this article will focus
on cyclists and soccer athletes as representative of
individual-sport and team-sport athletes, respect-
ively. This is in part convenient, but also reflective
of the weight of scientific literature available on
these two groups. The physiological determinants
of team sports and implications for altitude training
will be dealt with elsewhere in this supplement29 30


and have been raised in a previous review.22


STRUCTURE OF COMPETITION
Analysis of the competition schedule differences
between cyclists and soccer athletes is essential in
deciding if altitude training is even feasible. The
training and competition year of cyclists and soccer
athletes are very different. Professional road cyclists
can have up to approximately 100 racing days per
season, sometimes starting in January31 and con-
tinuing through to October for competition at
World Championships.32 33 Within this period, and
depending on the type of rider, cyclists compete in
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1-day races, ∼1–2-week tours with consecutive days of racing,31


or even ‘Grand Tours’ of 21 days duration with only 1–2 days of
rest and approximately 3500–4000 km of racing, interspersed
with rest and training.32 34–36 Tour races typically include a time-
trial, and varying amounts of flat or climbing stages, possibly
including mountain-top finishes at moderate altitude.32 34–36 The
activity profile of cyclists varies considerably according to the
type of stage and terrain encountered in these stages.32 33 36–38


Each stage of a multiday race is effectively its own race, with
some cyclists attempting to win individual stages, others
wanting the fastest overall time for the race to become the
‘General Classification’, or overall winner. Each rider is part of a
team, and has a defined role, as leader, helper (domestiqué), or
even opportunist to attempt individual stage victories. The activ-
ity profile of the cyclists therefore changes dramatically depend-
ing on the role of the cyclist in each stage or race.33 38


Contrast the cycling season to that of elite soccer players,
where the European season starts in August and continues
through to May, or longer, depending on National team com-
mitments of individual players.39 All official soccer matches are
played over approximately 90 min40 on a grass surface, with
similar field dimensions.39 While there are players with specific
roles, playing in specific positions,41 42 excluding the goal-
keeper, the differences in activity profile between positions may
not be as large, and importantly not as meaningful,43 as
between discrete stages or roles in cycling tour
races.31 33 38 40 44 An obvious difference between the two
sports is that cycling races are held over a certain distance,
where the time to complete the task varies, where soccer
matches are played over a fixed time and the distance covered
by individuals varies.33 40


Another important differentiation between cycling and soccer
is that cyclists sometimes use lesser ranked races as ‘training’ for
targeted events later in the season. Soccer athletes, on the other
hand, are required to focus on match-to-match wins, as each
match in the regular season, sometimes several games per
week,45 46 counts equally to the Premiership table and the
ultimate success of the team. In addition, soccer teams may
compete in several different competitions concurrently, for
example, Premiership, domestic cup, Champions League.


ACTIVITY PROFILE DURING COMPETITION
Key differences
Given the wide range of total time for cycling races versus
soccer matches, and the differing forms of locomotion used, it
is not at all surprising that the total distance covered by athletes
of the two respective sports varies considerably. For example,
allowing for some variance due to the methods used to measure
distance, soccer athletes may cover between 9–13 km in a
match,41 47 whereas their cycling counterparts can race for up
to 300 km. Official soccer matches are mandated to be 90 min
plus stoppage time. In some knock-out competitions, if the
match is tied after full time an additional 2×15 min halves of
extra time are played, followed by a penalty shootout if the
match has still not been decided. By contrast, some cycling races
can last up to 7 h.


The average energy expenditure of soccer athletes during a
match is approximately 1.02 kJ/kg/min,47 which equates to a
total energy expenditure during a 90 min match for an athlete
of typical mass47 of ∼7000 kJ. For cyclists, during the long
mountain stages of the Tour de France, the mean energy
expenditure per day is 28 500 kJ/day.48 Cyclists thus have much
higher energy requirements per day compared to soccer players,
especially during the hardest days of competition.49


Key similarities
So far, the differences between cycling and soccer athletes have
been highlighted, but there are a number of important similar-
ities as well. Neither cyclists nor soccer players compete at a
constant intensity—that is, both are involved in stochastic
events. Even in a cycling time-trial, pacing strategies, variations
in terrain and environmental factors such as wind speed and dir-
ection dictate a varied application of power by the rider.37


Typical of cycling and soccer, athletes spend a large amount of
time at low intensity during competition.31 33 38 40 47 In mass-
start cycling races over flat terrain, approximately 89% of stages
are spent at low–moderate intensity.38 In English Premier
League soccer matches, time spent in the lower (<14.4 km/h)
activity bands is approximately 85%.41


Despite the majority of competition being spent at submaxi-
mal intensity in both sports, the higher intensity activities are
often aligned with key events that determine the outcome of
respective competitions. For example, when establishing a
breakaway in cycling, there are numerous 5–15 s efforts
> ∼9.5–14 W/kg.50 Further, during criterium racing, there are a
higher number of sprints compared to road stages due to the
specific requirement of repeatedly accelerating out of corners.31


Finally, the finish of a cycling race typically results in a sprint
between two and more riders, or at least a sustained high-
intensity effort, and the outcome of that sprint decides the
outcome of the race.31 38 In professional soccer, straight sprints
represent the most frequent action immediately prior to goal
scoring.51 Figure 1 depicts crank power data collected on an
SRM power metre (Schoberer Rad Messtechnik, SRM Training
System) from an International Criterium Race (multiple laps of
a short circuit) and velocity data from 10 Hz global positioning
system (GPS, Catapult Innovations V4) from one-half of an
International Youth Soccer Friendly Match.52 The extent of the
accelerations undertaken by each type of athlete is evident, as is
the underlying high volume of low-intensity activity.
Energetically, these high-intensity tasks are largely fuelled by
phosphocreatine (PCr) degradation, and the resynthesis of this
is a purely aerobic task. It is therefore possible that altitude
training could enhance this capacity in cycling as well as soccer
athletes.


PHYSIOLOGICAL ADAPTATION
The higher volume of activity in cycling compared to soccer
manifests from successful cyclists having a higher aerobic
power than their soccer counterparts. For example, the
maximum oxygen uptake of cyclists competing in the Tour
de France is between 70 and 86 mL/kg/min36; whereas that
of elite soccer players is substantially lower, between 50 and
74 mL/kg/min.40 53 54 This opens the possibility that cyclists may
have reached a higher percentage of their genetic potential for
aerobic power enhancement than soccer players, and therefore,
are less suited to gains from altitude training,55 although this
seems unlikely as other elite endurance athletes make gains from
this type of training.5 13 14 Also, as the magnitude of haemoglo-
bin (Hb) increase may be related with baseline haemoglobin mass
(Hbmass),


56 soccer players may more probably present increased
Hbmass than elite cyclists. Team-sport athletes are generally
responsive to short-term intensified training.57 58 In a similar
team sport (Australian rules football), the Yo-Yo Intermittent
Recovery Test two (Yo-YoIR2) score mediates the amount of high-
velocity running undertaken by elite footballers, how many times
they receive possession of the ball in matches and the coach
ratings of player performance.59 It is however worth noting that
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the importance of fitness for match running performance and
match outcomes is not as straightforward as it is in cycling.60


Players’ physical activity during games is largely driven by game
tactics61 and outcomes62 which have a greater impact than phys-
ical fitness per se. When considering individual players, clear
improvements in maximal aerobic power and sprint speeds are
not consistently associated with increased activity during
games.28 The fittest and fastest players do not consistently
perform at a greater intensity on the field,63 64 probably because
the demands of the game constrain their activity. Along these
lines, there is no association between the decrement in match
running performance during the second half and physical capaci-
ties.65 Since all the players may not exercise at maximal levels the
whole game, and because of the pacing strategies they may
employ, the importance of a very well developed fitness level may
not always be high. In contrast, it is clear that an elevated fitness
level may translate into reduced relative intensity during


games,65 which may in turn indirectly improve technical effi-
ciency with the ball.66


To accelerate a body is a metabolically demanding task and
requires the athlete to overcome inertia and environmental
forces, independent of the sport.47 67 Thus, while the overall
volume of activity is higher in cycling than soccer, the relative
contributions of low-velocity and high-velocity activity in each
implies that the relative energetic demands may be similar.
Energetically, PCr is the major substrate contributing to short
high-intensity efforts and the resynthesis of PCr is rate-limiting
for repeated high-intensity activity such as that occurring in
cycling races31 38 and soccer matches.68 69 As the resynthesis of
PCr is entirely aerobic, cyclists as well as soccer players may
benefit from training regimes that enhance aerobic processes.
Whether such benefits are definitely worthwhile in regard to the
financial cost, training load and actual impact during games is
another question.


Figure 1 Power profile of a
professional cyclist from an
International Criterium Race (A) and
velocity trace from an elite youth
soccer player during an international
Friendly Match (B).
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ALTITUDE TRAINING FOR TEAM-SPORTS
There are sufficient similarities between cycling and soccer out-
lined above to conclude that training regimes that enhance the
aerobic power of endurance athletes may also be beneficial for
team-sport athletes. The challenge for team-sport athletes
wanting to engage in altitude training is finding time in a busy
schedule to dedicate to such training without compromising the
tactical and technical training required. For example, skills train-
ing at altitude70 will be affected by the altered flight characteris-
tics of the ball and reduced training intensity.71


Most studies have concentrated on the haematological bene-
fits of altitude training. The live-high, train-high (LHTH)
method, where athletes train and reside at altitude increases
Hbmass,


2 3 and may,72 or may not73 74 increase maximum
oxygen uptake and work capacity on return to sea level.
Successful altitude training camps utilising LHTH methodology
typically require athletes to be resident at altitude for 3–4
weeks.75 In a typical soccer preseason, that is, 8 weeks in dur-
ation,39 a 4-week altitude camp at terrestrial altitude is unlikely
to be supported by many managers. Moreover, many countries
simply lack the appropriate geography and/or training facilities
at altitude to seriously entertain the LHTH method. However,
not all team-sports have a short preseason like soccer and the
LHTH method has recently been successfully used to enhance
the physical capacity of Australian rules football athletes, as one
19-day period of a ∼15-week preseason conditioning phase.27


This method has also recently been used in elite youth soccer
players who spent 12 days at 3600 m, with a very large subse-
quent increase in Yo-Yo performance, but also decline in sprint-
ing ability with some illness at this altitude reported.76 A recent
meta-analysis of Hbmass confirms that total Hbmass increases at
approximately 1% per 100 h of hypoxia, so that a 2-week camp
would also probably be beneficial to aerobic power, albeit that
individuals may vary substantially more or less than the group
mean response.77 A 2-week camp is therefore a more realistic
option compared with a 4-week camp in a busy preseason prep-
aration. However, since the additional improvements in physical
performance gained with altitude training were rather small
(+1.5%, with large individual responses),27 and considering the
importance of speed qualities in team-sports,51 the actual
benefit of such camps can be questioned and should be viewed
with a cost/benefit approach. In this perspective, as several pro-
fessional teams regularly travel abroad for training camps; it
may then be a cost-effective option to implement such camp at
an altitude venue.


An altitude training method that might help overcome some of
the geographical and training issues associated with live-high,
train-low (LHTL) method. Without entering into the debate
regarding the importance of hypobaric versus normobaric
hypoxic stimuli,23 the normobaric LHTL method also probably
increases Hbmass


3 14 78 and subsequent performance.5 13 14 79 If
teams had suitable facilities, athletes could train at their normal
location, and reside at simulated altitude. However, few teams
have access to facilities with capacity to house all of their athletes,
making the LHTL method difficult for the majority of teams to
employ. Additionally, since usual hypoxic rooms might not offer
a similar level of comfort as professional soccer players are accus-
tomed to, they might be reluctant to embrace such a training
approach. A third method of altitude training available to team-
sport athletes involves intermittent hypoxic training (IHT). This
method involves short intense exercise sessions of either IHT, 25


or specific repeated sprints in hypoxia (RSH)80 being conducted
under normobaric hypoxic conditions. While also typically
requiring specialised equipment or facilities, the IHT method is


less expensive and very time-efficient for team-sport athletes,
requiring 1–3 1 h sessions per week for 3–4 weeks for adapta-
tion.81 The effects of IHT on qualities important for team-sport
athletes are however equivocal. In one study, anaerobic power
measured by a Wingate test increased by ×3 the smallest worth-
while change in performance,81 but in another did not.82


Similarly, there was a very large standardised effect on maximum
aerobic power in one,83 but not all16 81 84 studies using IHT. The
total hypoxic stimuli is not sufficient to initiate an erythropoietic
response.84 Encouragingly, RSH was reported to moderately
increase repeated-sprint performance,80 and IHT increased Yo-Yo
IR2 performance, the latter using team-sport athletes, with sub-
stantial improvement after only 2 weeks of IHT compared to
matched controls.


A final issue to consider when deciding which method of alti-
tude training to use, if any, is the potential impact on athletes
during sleep. In particular, when sleeping at altitude, 40–50%
of athletes exhibit severe disordered breathing, even though
their breathing is normal at sea level.86 87 The impact of this
disruption on athletes’ daytime function is not yet known, but
in untrained adults it impairs alertness, cognitive performance
and well-being.88 With LHTH, it is not possible to avoid disor-
dered breathing during sleep, and any associated consequences,
for those who are susceptible. With LHTL, respiratory bands
and/or pulse-oximetres can be used on the first few nights at
altitude to identify those with disordered breathing, and if their
daytime well-being and/or performance are also poor, then they
may get more benefit from the camp if they sleep at sea level.
With IHT, disordered breathing during sleep is avoided.


Each altitude training method has pros and cons that require
serious thought before adopting one method in team-sport ath-
letes. Recently the idea of using multiple methods during a
training year has been floated,89 with the aim of achieving
aerobic and anaerobic adaptation through the use of various
altitude methods. If hypoxic sleeping as well as training rooms
are available at a club, an individualised approach could also be
implemented with some players, and/or at specific times during
the season (eg, particular players’ needs, short block before an
important competition, return from injuries). This is an intri-
guing concept, as the application of the methods described
above does result in varying outcomes.


CONCLUSIONS
Team-sport athletes face logistical and timing constraints on
when in a training year they could employ altitude training.
These athletes could possibly gain more aerobic benefit than
their endurance athlete counterparts, but the effect of these
gains in terms of match performance is largely unknown and
probably context-dependent and player-dependent. However,
altitude training can improve specific qualities such as Yo-Yo per-
formance, which might, under certain circumstances, positively
impact high-intensity running and involvements with the ball in
elite team-sport competition. Thus, dependent on resources and
training objectives, altitude training can be seen as an attractive
proposition to enhance the physical performance of team-sport
athletes without the need for an obvious increase in training
load. The potential financial cost of travel, impact on skills train-
ing and possible side effects of disordered breathing during
sleep, illness and reduced sprinting capacity with LHTH should
be considered when choosing a method and the timing of inter-
vention. On balance, there are sufficient similarities between
endurance and team-sport athletes to expect that altitude train-
ing could enhance some capacities important for team-sport
athlete performance.
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What are the new findings?


▸ Endurance (cycling) and team-sport (soccer) athletes have
differing requirements for technical and tactical training—
and this is more important in soccer.


▸ Endurance (cycling) and team-sport (soccer) athletes share
sufficient key activity profile and energetic qualities to
suggest altitude training could enhance team-sport athlete
physical performance.


▸ Team-sport athletes have limited time in a competitive
season to employ altitude training methods.


▸ Short-duration altitude training with minimal disruption to
technical and tactical training will be most probably
implemented by team-sport athletes.


▸ Altitude training may enable team-sport athletes to reach a
level of adaptation with a lower training load.


How might it impact on clinical practice in the near
future?


This study provides a rationale and framework for clinicians to
determine if altitude training might positively influence
team-sport athlete performance.
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ABSTRACT
Objectives We investigated the effect of high altitude
on the match activity profile of elite youth high altitude
and sea level residents.
Methods Twenty Sea Level (Australian) and 19
Altitude-resident (Bolivian) soccer players played five
games, two near sea level (430 m) and three in La Paz
(3600 m). Match activity profile was quantified via
global positioning system with the peak 5 min period for
distance ((D5peak)) and high velocity running (>4.17 m/s,
HIVR5peak); as well as the 5 min period immediately
subsequent to the peak for both distance (D5sub) and
high-velocity running (HIVR5sub) identified using a rolling
5 min epoch. The games at 3600 m were compared
with the average of the two near sea-level games.
Results The total distance per minute was reduced by
a small magnitude in the first match at altitude in both
teams, without any change in low-velocity running.
There were variable changes in HiVR, D5peak and
HiVR5peak from match to match for each team. There
were within-team reductions in D5peak in each game at
altitude compared with those at near sea level, and this
reduction was greater by a small magnitude in
Australians than Bolivians in game 4. The effect of
altitude on HiVR5peak was moderately lower in
Australians compared with Bolivians in game 3. There
was no clear difference in the effect of altitude on
maximal accelerations between teams.
Conclusions High altitude reduces the distance
covered by elite youth soccer players during matches.
Neither 13 days of acclimatisation nor lifelong residence
at high altitude protects against detrimental effects of
altitude on match activity profile.


INTRODUCTION
The activity profile of team-sport athletes alters
when matches are played under conditions of envir-
onmental stress. For example, the total distance of
Australian football players is reduced in matches
played under hot compared with cool conditions.1 2


The reduced total distance may be a result of self-
modulation of activity under environmental stress to
protect the capacity to perform higher intensity
actions,1 or perhaps it reflects a lack of sensitivity in
picking up transient reductions in high-intensity
activity during matches. Recently, our group estab-
lished that the activity profile of soccer players is
also altered at moderate altitude (1600 m) com-
pared with that at sea level.3 Specifically, each of the
peak 5 min periods of total distance, high-velocity
running (HiVR,>4.17 m/s) distance was reduced


after 4 day acclimatisation to 1600 m.3 Further, the
decrease from the peak to the subsequent 5 min
stanza was greater than at sea level for total distance,
HiVR and maximal accelerations (> 2.78 m/s2).3


Thus, at moderate altitude, team-sport athletes had
reduced maximal capacity and greater decrement in
performance during matches compared with those
at sea level, and the players were not able to modu-
late match activity to preserve high-intensity
actions.3 Matches played at a higher altitude would
probably result in greater reductions in running per-
formance compared with those we reported, but
this has yet to be established.
The reduced activity capacity of team-sport ath-


letes at high altitude should not be surprising.
Athletes in soccer matches operate for sustained
periods at approximately 70% of O2max,


4 and this
capacity is reduced by approximately 7%
per1000 m altitude ascended.5 In fact, in a cohort
of non-acclimatised soccer athletes, O2max was
reduced by ∼20% at high altitude (3600 m).6 In
our previous study, a peak 5 min distance in a
soccer match was reduced after 4 days at 1600 m
by ∼9%, in agreement with the likely reductions in
aerobic capacity. It would therefore follow that
reductions in the activity profile of soccer players
would be greater at a higher altitude. It is not just
the average aerobic consumption that is probably
limiting the performance of these athletes, but
rather the process of phosphocreatine (PCr)
resynthesis when recovering from high-intensity
efforts that is most affected at high altitude. PCr
represents the most immediate substrate to repho-
sphorylate ATP after high-intensity exercise, and
the ability to sustain intermittent exercise perform-
ance is affected by PCr availability in working
muscles. PCr resynthesis kinetics are sensitive to
manipulations of O2 availability,7 which occurs
during exercise at high altitude. Thus, under condi-
tions of acute hypoxia, PCr resynthesis will be
reduced,8 potentially limiting the intermittent exer-
cise performance typical in soccer matches.
Limitations in oxygen availability do not solely


influence metabolic events in the causation of
fatigue. Under hypoxic conditions, a lower arterial
O2 availability during repeat-sprints results in lower
O2 consumption and premature fatigue.9 These
findings are further supported by the fact that par-
ticipants with a higher VO2max consume more VO2


and exhibit a greater sprint endurance in hypoxia
than participants with a poorer aerobic fitness,10 11


and that O2max is moderately negatively correlated


Open Access
Scan to access more


free content


Aughey RJ, et al. Br J Sports Med 2013;47:i107–i113. doi:10.1136/bjsports-2013-092776 1 of 7


Original article


 group.bmj.com on November 28, 2013 - Published by bjsm.bmj.comDownloaded from 



http://bjsm.bmj.com/

http://bjsm.bmj.com/

http://group.bmj.com/

http://group.bmj.com/





with performance decrement during such exercises.11 12 Strong
correlations also exist between arterial O2 saturation and mech-
anical work during 10×10 s sprints9 and 20×5 s sprints.10


Finally, measurements of tissue oxygenation by near-infrared
spectroscopy have revealed that the oxygenation of the cerebral
cortex during sprints9 and the reoxygenation rate of the muscle
during recovery intervals between sprints13 are determinants of
repeated-sprint ability.


Six days at moderate altitude was deemed to be insufficient to
fully acclimatise and protect against the reduced activity profiles
of soccer players,3 and a 2 week acclimatisation period was
recommended.14 Given that each of the physiological reductions
mentioned within the context of fatigue above is adaptable to a
hypoxic stimulus, the time course of adaptation to hypoxia and
the response of athletes during matches are important to estab-
lish. For team sport athletes, the timecourse of adaptation
remains unknown.


The aims of this study therefore were to (1) determine the
effects of high altitude on the match activity profile of sea level
and high-altitude natives and (2) establish the time course of
match running performance acclimatisation to high altitude so
as to improve our understanding of the optimal timing of
arrival before official competition.


METHODS
The general methods of this study are expressed in detail in the
companion paper elsewhere in this journal.15 Please refer to
figure 1 of that paper for an overview of the larger study
(ISA3600) that this paper forms one part of. Measures on
sleep,16 fatigue, wellness and performance17 and haematological
adaptation18 have also been discussed elsewhere.


Twenty elite youth male soccer players, lifelong residents at
near sea level (Australians, AU), and nineteen elite youth soccer
players born at, and lifelong residents of, high altitude (Bolivians,
BO) gave written informed consent to participate in this study.
The subject characteristics are presented in the companion
paper.15 Almost all of the Bolivian players were ‘Mestizos’
(mostly a mix between Europeans, Quechua and Aymara). The
Australians were of European and Asian descent. The study was
approved by the Victoria University Human Research Ethics
committee and conformed to the Declaration of Helsinki.
Starting 1 week before, and throughout the duration of altitude
exposure, each Australian athlete was supplemented daily with
oral iron (305 mg ferrous sulfate, 1000 mg vitamin C).


Each field player’s activity (ie, goalkeepers were excluded)
was monitored individually during ‘official friendly’ matches at
sea level and at high altitude. Two matches were played at Santa
Cruz, Bolivia (430 m) over 5 days, and a further three games
were played at La Paz, Bolivia (3600 m) on days 1, 6 and 13 of
altitude residence. Athletes travelled directly between Santa
Cruz and La Paz by aircraft, so travel time and stress were low.


As this study was also a ‘training camp’ for these athletes, not
every athlete played in each match. A total of 13 Bolivian and
14 Australian players were sampled. Five Bolivians and three
Australians had files from each match, three Bolivians and four
Australians in four matches, and the remainder of the players in
three matches. Peak data (see below) were sampled only in the
first half of the matches.


Player activity profile was measured via global positioning
system (GPS) sampling at 10 Hz (MinimaxX Team Sports 4.0,
Catapult Innovations, Melbourne, Australia). The activity profile
variables analysed, expressed in metres per minute of match time
(m/min), were: total distance; low-velocity running (LoVR, 0.01–
4.16 m/s), high-velocity running (HiVR, 4.17–10.0 m/s).19 20


In addition, the occurrence of maximal accelerations per minute
was quantified (Accel ≥2.78 m/s2).19–21


In an attempt to more completely assess the effects of altitude
on match running of these players, the peak 5 min periods for
distance (D5peak), HiVR (HiVR5peak) and Accel (Accel5peak) were
identified using a rolling 5 min sample period.3 22 This method
is more sensitive for identifying peak periods of activity com-
pared with the traditional method using predefined time
periods.22 In addition to identifying the peak periods of activity
as a marker of performance, the 5 min period immediately sub-
sequent to the peak period was also assessed for decrements in
total distance (TD5−sub), high-velocity running (HiVR5−sub) and
maximal accelerations (Accel5−sub).


All data were log-transformed to reduce bias arising from
non-uniformity error. Between-group standardised differences
in all monitored variables were calculated using pooled SDs
from the first two matches at sea level. Threshold values were
>0.2 (small), >0.6 (moderate) and >1.2 (large). Uncertainty in
each effect was expressed as 90% confidence limits and as prob-
abilities that the true effect was substantially positive or nega-
tive.23 These probabilities were used to make a qualitative
inference about the true effect as previously described.23


RESULTS
In both teams, total distance per minute was reduced by a small
magnitude in the first match at altitude, and this was also true
for the Bolivians in game 5 (figure 1A). There was no clear dif-
ference in the effect of altitude on total distance between teams
(figure 1B). Low-velocity running per minute was higher by a
small magnitude in Australians than in Bolivians in the second
match at near sea level (figure 1C), but there was no clear differ-
ence in the effect of altitude between teams (figure 1C,D).


High-velocity running per minute was moderately higher in
Australians compared with Bolivians in the second game at near
sea level, and higher by a small magnitude in Bolivians com-
pared with Australians in games 3 and 5 (figure 2A). Australian
HiVR per minute was moderately lower in game 3 and lower by
a small magnitude in game 4 compared with the pooled near
sea-level data. Despite this, there was a smaller reduction in
HiVR per minute in Australians compared with Bolivians in
games 3 and 4 at altitude, and there was no clear difference in
game 5 (figure 2B).


Maximal accelerations per minute were higher in Australians
than in Bolivians in game 1 at near sea level by a small magni-
tude, with no other clear differences seem (figure 2C). Bolivian
maximal accelerations were higher by a small magnitude in
game 5 than for pooled near sea level data, figure 2C. There
was no difference in the effect of altitude on maximal accelera-
tions between teams (figure 2D).


Bolivian D5peak was moderately higher than Australians in
game 1 at near sea level, and moderately higher for Australians
compared with Bolivians in game 5 at altitude (figure 3A).
There were moderate within-team reductions in D5peak in each
game at altitude compared with at near sea level (figure 3A),
and this reduction was greater in Australians than in Bolivians in
game 4 (figure 3B).


The HiVR5peak was higher by a moderate magnitude in
Bolivians compared with Australians in games 1, 2 and 4, with a
large difference in game 3 (figure 3C). Both sides had small–
large within-team reductions at altitude compared with at near
sea level (figure 3C). The effect of altitude on HiVR5peak was
lower by a small magnitude in Australians compared with
Bolivians in game 3 (figure 3D).
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The Accel5peak was lower by a small magnitude in Bolivians
only in games 3 and 4 compared with at near sea level, table 1.
There were no other clear differences between groups.


Both teams had substantial decrements in the 5 min stanza
subsequent to the peak period for total distance (D5sub), HiVR
distance (HiVR5sub) and Accel5peak in each match, but there
were no substantial differences between groups for the effects of
altitude on this decrement (figure 4).


DISCUSSION
This is the first study to document the effects of high altitude
on the match activity profile of sea level-resident and
altitude-resident team-sport athletes. The major findings of this
study are: high altitude reduced match running in friendly
matches; the altitude-induced reduction in activity profile in
soccer matches was variable, but it was similar in sea level and
high-altitude natives; thus, neither 13 days of acclimatisation for


sea-level natives nor lifelong residence at altitude could protect
against reduced output during matches at altitude.


The athletes in this study were well conditioned with similar
Yo-Yo intermittent recovery level one scores (see companion
paper17) to age-matched peers.24 25 Thus, the results of this
study may be transferrable to similar populations of athletes.


The effect of altitude on high-intensity activity during the
friendly matches reported in this study was uncoupled from the
physical capacity testing data reported in the companion
paper.17 The Australians and Bolivians reduced their D5peak by a
similar magnitude at altitude. On initial glance, this may seem a
bit surprising, given that the higher relative reduction in high
intensity intermittent running capacity of the Australians com-
pared with the Bolivians17 should contribute directly to reduced
movement capacity in matches.26 The Australians had a greater
desaturation at altitude, 17 and each 1% reduction in saturation
can cause a concomitant 1% reduction in O2max.


27 The


Figure 1 Total distance (A) and low-velocity running (B) per minute of games, each expressed at near sea level (G1, G2) and at altitude (G3, G4,
G5, 3600 m). Also, relative change of Australians versus Bolivians at altitude for total distance (C) and low-velocity running per minute (D). ‘n’ for
Australians (Au) and Bolivians (Bo) is in methods. ‘*’ denotes a small standardised difference between teams, ‘^’ a small within-team change for
Australians, and ‘#’ a small within-team change for Bolivians.
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difference in SpO2 lessened by the final match,17 and this coin-
cided with the Australians having a higher D5peak than the
Bolivians, indicating a degree of acclimatisation. The reduction
at altitude of high-intensity capacity was more marked in the
Australians than in Bolivians,17 yet in matches the opposite was
true, with smaller reductions in peak HiVR in the Australians.
This is in agreement with the notion that players’ physical activ-
ity during games is first influenced by tactics28 and outcomes,29


which have a greater impact than physical fitness per se. Given
the influence of the opposition and team style30 on the match
running of players,31 32 it is possible that neither of the two
teams here were fully taxed physically during matches. These
factors need to be considered when opinions on the likely
effects of altitude on team-sport athlete performance are
formed.14 33


It should be acknowledged that the Australian coach
instructed his players to play conservatively in the first match at
near sea level to avoid potential injury after 30 h of long-haul
travel 3 days prior to the first match. This has affected our
ability to detect altitude-induced differences between groups,


but it reflects a practical reality faced by many teams travelling
internationally for competition, especially those from the
Southern hemisphere. Equally, it is possible that the Australians’
effort reflected travel fatigue34 and reduced wellness17 stemming
from playing a match on the third day after arrival in Bolivia,
after 30 h of long-haul travel and a 10 h time zone change.
Long-haul travel is known to reduce counter-movement jump
performance,35 which in turn is related to the amount of HiVR
performed by elite team sport athletes in competition.36


In accordance with reduced capacity17 at high altitude,5 6 the
peak 5 min running distance on arrival at 3600 m was 13–16%
lower for Bolivian and Australians, respectively, than that
reported with the same method at 1600 m.3 As the magnitude
of this standardised effect was evident for both Australians and
Bolivians, it is intriguing that lifelong residence at altitude did
not offer a protective effect against altitude for the Bolivians.
This is especially true when the lower desaturation17 and higher
initial Hbmass


18 of the Bolivians are considered.
The decrement in peak 5 min HiVR in the subsequent stanza


was only slightly higher than earlier,3 but both studies clearly


Figure 2 High-velocity running (HiVR, ≥ 4.17 m/s, A) and maximal accelerations (>2.78 m/s2, B) per minute of games, each expressed at near sea
level (G1, G2) and at altitude (G3, G4, G5, 3600 m). Also, relative change of Australians versus Bolivians at altitude for HiVR (C) and maximal
accelerations per minute (D). ‘n’ for Australians (Au) and Bolivians (Bo) is in methods. ‘*’ denotes a small standardised effect between teams,
‘^’ a small within-team effect for Australians, ‘^^’ a moderate within-team effect for Australians, and ‘#’ a small within-team effect for Bolivians.
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show a 1.5-fold higher decrement than matches played at sea
level.37 38 This method does not allow for a definitive statement
on fatigue in matches, as reduced output may reflect altered
tactics28 or indeed likely match outcomes that can be derived by
players from the current score.29 However, it is not too specula-
tive to suggest that reduced wellness17 and capacity5 17 39 40 of
athletes at altitude would also cause increased transient fatigue
in matches after periods of peak high-intensity activity.


In agreement with previous investigations on the effects of
environmentally stressful conditions on team-sport athlete activ-
ity profiles, altitude had little clear effect on the capacity of
players to maximally accelerate in matches.1 This is perhaps due
in part to this being the least reliable measure derived from
GPS,41 42 but also due to the nature of where these accelerations
typically occur. Players typically perform maximal accelerations
when in the vicinity of the ball, or when they are trying to get


Figure 3 Peak 5 min data for distance (D5peak, A) and high-velocity running (HiVR5peak, > 4.17 ms), each expressed at near sea level (G1, G2) and
at altitude (G3, G4, G5, 3600 m). Also, relative change of Australians versus Bolivians at altitude for D5peak (C) and HiVR5peak (D). ‘n’ for Australians
(Au) and Bolivians (Bo) is in methods. ‘*’ denotes a small standardised effect between teams, ‘**’ a moderate standardised effect between teams,
‘***’ a large standardised effect between teams, ‘^^’ a moderate within-team effect for Australians, ‘^^^’ a large within-team effect for
Australians, ‘##’ a moderate within-team effect for Bolivians, and ‘###’ a large within-team effect for Bolivians.


Table 1 Five-min peak period data for the frequency of maximal
accelerations (Accel5peak) for games at near sea level and at high
altitude


Accel5peak


Venue Australian Bolivian


Near sea level
Game 1 11±4 13±6


Game 2 11±3 10±2
Altitude (3600 m)
Game 3 9±1 10±3#
Game 4 10±5 10±3#
Game 5 11±2 11±3


‘#’ Denotes a small reduction from sea level.
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in position to receive or intercept the ball. Players are very
likely to therefore protect the capacity to perform these meta-
bolically demanding actions43 by modifying lower intensity
actions—a form or pacing strategy. It is also possible that the
short nature of these tasks, even though conducted at a high-
metabolic power,43 makes them less susceptible to limitation by
hypoxia.


LIMITATIONS
This study has attempted to quantify adaptation of match
running performance to high altitude in sea level-resident natives
and high altitude-resident natives. Using the activity profile of
players in matches as a tool to assess adaptation is fraught with
danger. For example, the activity profile of players can be influ-
enced by match score44 or the relative skill of opposing teams,45


and is inherently variable.46 It is also difficult to make conclu-
sions on the effect pacing strategy1 47 has on mitigating fatigue of
these athletes at altitude. Furthermore, the positional differences
were not investigated. The use of more sensitive activity profile
analytical methods22 rather than blunt descriptions of average
match activity helps identify the true effect of altitude on these
players. In further defence of this study, we have attempted to
provide a comprehensive analysis of haematological,18 wellness,
fatigue and physical capacity,17 and sleep16 of these athletes to
contextualise the activity profile changes in matches.


CONCLUSIONS
High altitude probably reduced match running of elite youth
soccer players in friendly matches; the altitude-induced reduc-
tion in activity profile in soccer matches was variable, but it was
similar in sea level and high-altitude natives; thus, neither
13 days of acclimatisation for sea-level natives nor lifelong resi-
dence at high altitude could protect against reduced output
during matches at high altitude. Sea-level teams can thus travel
to high altitudes confident that the reductions in match running
they experience will be similar to those experienced by high-
altitude natives.


What is known on this subject


▸ Moderate altitude reduces the activity profile and increases
transient fatigue in elite youth soccer players.


▸ Six days residence at moderate altitude is insufficient to
return activity profiles to sea-level norms.


What this study adds


▸ High altitude reduces the distance covered by elite youth
soccer players during matches for sea level and high-altitude
natives.


▸ Match activity profile is uncoupled from physical capacity
decrement at high altitude.


▸ Neither thirteen days of acclimatisation nor lifelong
residence at high altitude protects against the detrimental
effects of altitude on match activity profile.
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Figure 4 Mean relative decrement in distance (Dpeak), and
high-velocity running (HiVRpeak, > 4.17 m/s1) from the peak 5 min
period to the subsequent 5 min epoch at sea level (SL) games at
altitude (G3, G4, G5, 3600 m) for Australians versus Bolivians. ‘n’ for
Australians (Au) and Bolivians (Bo) is in methods. Error bars represent
the 90% CIs of the mean change; the hatched bar represents the
smallest worthwhile difference and thus the magnitude of a trivial
change.
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ABSTRACT
The internationalism of field-based team sports (TS) such
as football and rugby requires teams to compete in
tournaments held at low to moderate altitude (∼1200–
2500 m). In TS, acceleration, speed and aerobic
endurance are physical characteristics associated with
ball possession and, ultimately, scoring. While these
qualities are affected by the development of
neuromuscular fatigue at sea level, arterial hypoxaemia
induced by exposure to altitude may further hinder the
capacity to perform consecutive accelerations (CAC) or
sprint endurance and thereby change the outcome of a
match. The higher the altitude, the more severe the
hypoxaemia, and thus, the larger the expected decline in
aerobic endurance, CAC and match running
performance. Therefore, it is critical for athletes and
coaches to understand how arterial hypoxaemia affects
aerobic endurance and CAC and the magnitude of
decline they may face at altitude for optimal preparation
and increased chances of success. This mini review
summarises the effects of acute altitude/hypoxia
exposure on aerobic endurance, CAC and activity profiles
of TS athletes performing in the laboratory and during
matches at natural altitude, and analyses the latest
findings about the consequences of arterial hypoxaemia
on the relationship between peripheral perturbations,
neural adjustments and performance during repeated
sprints or CAC. Finally, we briefly discuss how altitude
training can potentially help athletes prepare for
competition at altitude.


INTRODUCTION
The internationalism of field-based team sports
(TS) such as football and rugby means it is increas-
ingly common for athletes to compete in tourna-
ments that are held at low to moderate altitude
(∼1200–2500 m). For example, much of the 2010
FIFA World Cup host country, South Africa, is
located at 1200 m with Johannesburg—the host
city of the opening and final games—located at
1740 m. Furthermore, of the last 19 football World
Cup tournaments since 1930, eight hosting coun-
tries were located at altitude, and the recent youth
World Cup tournament for the under 17 (U17) as
well as U20 age groups were held in moderate alti-
tude venues (Mexico City, Mexico and Manizales,
Colombia).
Field-based TS are largely endurance-based,1–3


albeit interspersed with bouts of high-intensity
activity and numerous explosive bursts requiring
high speed and power.4 5 Although the number of
sprints (where players reach a high velocity, eg,
greater than 6.94 m/s)6 performed in matches is
relatively low,7 8 speed and acceleration qualities
are associated with ball possession and, ultimately,


scoring.9 Laboratory studies have shown that when
arterial hypoxaemia—defined as a 3% reduction in
arterial blood O2 saturation (SaO2) below pre-
exercise level10 develops, several physiological
responses are affected (eg, phosphocreatine (PCr)
resynthesis, Na+, K+–ATPase enzyme activity, cere-
bral oxygenation and neural drive) that hinder the
capacity to perform consecutive accelerations (CAC)
and work at high intensity.11–13 Although current
field evidence is scarce,14 this hypoxaemia-induced
impairment in CAC is quite likely to limit TS match
running performance at altitude. This presents a
marked disadvantage for the ‘away’ team, especially
if their normal place of residence is at sea level.15


Quantifying the extent of running performance
decrement at low to moderate altitude would
provide coaches with valuable knowledge to prepare
TS athletes to better compete under hypoxic condi-
tions. Therefore, the aims of this mini review are to
(1) provide updates about the effects of acute alti-
tude/hypoxia exposure on aerobic endurance, CAC
and activity profiles of TS athletes performing in the
laboratory and during matches, (2) analyse the latest
findings about the consequences of arterial hypox-
aemia on the complex relationship between periph-
eral perturbations, neural adjustments and
performance regulation during repeated sprints, and
(3) highlight the altitude-training methods that may
help attenuate some of these decrements when com-
peting at altitude. Such a review could be useful to
guide the practice of many athletes around the
world in maximising their preparation to cope with
running performance decrement at altitude.


ACTIVITY PROFILES OF TS
Understanding the activity profiles of TS athletes
and the bioenergetics systems that contribute to
energy production during matches is necessary to
comprehend the potentially negative effects of alti-
tude on athletes’ performances. This section only
provides brief synopses of the key performance
determinants during TS matches, which have been
dealt with elsewhere in this supplement16 and in
previous reviews.14 17


Typical match movement characteristics
Movements in TS matches can be measured
through Global Positioning System (GPS),4 or other
systems2 and activity profile variables, expressed in
metres per minute of match time (m/min), which
typically include total distance, standing, walking,
jogging, striding and sprinting.2 4 Striding and
sprinting are categorised as ‘high-intensity activ-
ities’, while standing, walking and jogging, which
occur in between high-intensity bouts to recover
from these bouts, are described as ‘low-intensity
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activities’.7 18 19 Intensity, however, is dependent on an indivi-
dual’s perception of effort,20 21 and ‘activity’ can include move-
ments such as accelerating or leaping for ball possession. As this
review focuses on movement characteristics, walking and
jogging will be referred to as low-velocity running (LVR, 0.01–
4.16 m/s), and striding and sprinting as high-velocity running
(HiVR, 4.17–10 m/s). In addition, the frequency of maximal
accelerations per minute (≥2.78 m/s2) can be quantified.8 22


Soccer athletes, for example, regularly repeat short, high-
intensity efforts, interspersed with longer intervals of rest or sub-
maximal exercise over ≥30 min.2 The typical distance covered by
top-class centre-midfielders is ∼9–13 km/match,1 2 which is com-
prised of 70% low-intensity activity and ∼150–250 brief intense
actions (average sprint distances of ∼10–20 m).7 23 24 Australian
footballers cover the highest distances in field sports,4 up to 15 km
in finals matches,1 and undertake up to 30% of this distance as
HiVR.1 23 In addition to these locomotive activities, athletes must
perform other energy-demanding activities (eg, jumping,
moving while controlling the ball and tackling) during matches
that require them to accelerate.7 23 25 26 These high-intensity
movements and accelerations often occur in response to cues
such as ball movement or opponents’ actions. Such movements
are typically short and, when started from a low velocity, have
not been traditionally accounted for in match analysis research.8


In fact, analysis from elite soccer athletes reveals that 85% of
accelerations (≥2.78 m/s2) do not exceed the determined HiVR
threshold.8 Thus, in match analysis studies that only report
movements occurring at high velocities, accelerations are often
excluded. A recent study demonstrated a 13-fold increase in
high-intensity actions over the course of a match when combin-
ing sprint bouts and accelerations in the analysis.8 It is impera-
tive to consider these short actions, as they are energetically the
most challenging during a match5 and thus contribute greatly to
total energy expenditure in a match.5


Characteristics of elite team-sport athletes
Elite TS athletes must adapt to varied physical demands during
the course of a match. Typically, athletes compete on average at
70% of their maximal aerobic O2 uptake (VO2max),


27 and cover
an average distance of ∼9–13 km/match.7 23 24 27 This suggests
that, in addition to the intermittent high-intensity nature of TS,
high aerobic power is important for success. In fact, while elite
TS athletes do not exhibit the specific physical/physiological
capacities of elite endurance and sprint athletes, they do possess
high levels of ‘aerobic’ and ‘anaerobic’ potentials.14 17


EXERCISING AND COMPETING AT ALTITUDE
Paradoxically, although TS athletes regularly compete at altitude,
our knowledge of the effects of hypoxaemia on performance is
almost exclusively based on endurance athletes performing
endurance exercise.28–33 Understanding what physical compo-
nents and how activity profiles are affected by altitude in TS ath-
letes specifically is critical, and this quest is supported, for
example, by the FIFA.34 To remain specific to TS, we report the
studies that have used TS athletes exclusively as participants.


Match activity profiles at altitude
Owing to the large distance covered in games and the numerous
accelerations to be performed, competing at altitude is likely to
exacerbate fatigue in TS athletes and influence the outcome of
matches. In fact, field data demonstrate large inequalities in the
probability to win for a sea-level team playing against a home
team at moderate/high altitude.15


The first study, to the best of our knowledge, to report
altitude-induced performance decrement analysed match data
from the official game statistics of the 2010 FIFA World Cup
held in South Africa, where 64 matches were played by 105
teams at sea level, 660, 1200–1400 and 1401–1753 m.35 The
results show a 3.1% lower total distance covered by teams
during matches played at 1200–1400 and 1401–1753 m, com-
pared with those played at sea level. Interestingly, however, the
players’ top-running speed was not different across altitudes,
suggesting that at least single high-intensity work capacity is
well maintained during matches. More recent data collected in
preparation for the 2011 FIFA U20 World Cup corroborate
these findings, reporting that the total running distance and
LVR were reduced by 9% and 8%, respectively, during matches
played 4 days after arrival in Denver, Colorado (1600 m), com-
pared with sea-level matches.22 Interestingly, this study also indi-
cates a 15% reduction in HiVR at altitude. Furthermore, a
rolling 5 min sample period was used to identify the peak 5 min
period of the match and the 5 min period occurring immedi-
ately after the peak 5 min period, which gives an indication of
transiently lower output, possibly fatigue, during matches. With
this technique, there was a 21% reduction in peak HiVR as well
as HiVR in the subsequent 5 min stanza (−55%) at 1600 m than
at sea level. While the frequency of accelerations performed
during matches was not clearly affected at this low altitude, the
acceleration frequency in the 5 min subsequent to the peak
5 min period dropped considerably (−51%) at 1600 m, suggest-
ing transient neuromuscular fatigue.22 Other data consolidate
the finding that altitude hinders TS athletes’ running perform-
ance during matches; the recent International Study on Soccer
at Altitude 3600 m (ISA3600), in this supplement,36 also
reports compelling negative effects of high altitude on soccer
players, independent of whether they are high-altitude or sea-
level natives.


It is also worth considering that findings from controlled lab
studies do not translate directly to match performance of
players at altitude. TS are complex and chaotic, whereas labora-
tory studies are well controlled, with known work and rest dura-
tions. Participants in those studies can plan their physical output
with some certainty. TS athletes, however, may preserve their
capacity to perform the hardest actions, such as CAC, in
matches by modulating the amount of low-intensity activity
undertaken, especially in the face of environmental challenges
like altitude.36 Therefore, laboratory studies cannot accurately
predict the changes in match activity that actually occur in TS
situations. Keeping this in mind, it is therefore critical when
considering the effects of, for example, altitude on match
running that the running profile of players is measured during
competition. Sporting regulatory bodies should allow these data
to be collected in all matches to assist in our understanding.


Collectively, these first data collected on TS athletes compet-
ing at altitude are in good agreement with the scarce evidence
available on simulated TS athlete performances at natural alti-
tude. For example, compared with sea-level activity, the per-
formance of rugby athletes during a 20 m shuttle run (−4%)
and a rugby-specific repetitive power test (−16%) is decreased
at 155037 and 1700 m, respectively.38


Laboratory studies
Owing to its high-energy demand, the skeletal muscle is sensi-
tive to changes in partial pressure of O2. Laboratory-based
research indicates that a reduction in systemic O2 delivery con-
tributes to curtailment of CAC and repeated-sprint ability
through varied metabolic and neuromuscular mechanisms. For
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example, total mechanical work during ten 10 s cycle sprints
interspersed with 30 s of rest was reduced (−8%) in hypoxic
(FiO2 0.13, ∼3600 m) versus normoxic conditions.13 In
hypoxia, a ∼9-fold to 10-fold increase in deoxygenation of
active muscles (assessed via near-infrared spectroscopy) occurs
rapidly during the first repetition of a series of sprints.13 39


However, as this deoxygenation quickly plateaus, and is rela-
tively similar in normoxia and hypoxia, the results have been
interpreted to mean that the level of muscle deoxygenation per
se, and presumably muscle O2 extraction, is unlikely to limit
CAC.13 39 On the other hand, the capacity of the muscle to get
reoxygenated during recovery periods between efforts has been
incriminated in the performance decline in hypoxia.40 For
instance, impaired muscle O2 supply has been associated with
hindered PCr resynthesis.41 Interventions that reduce (eg,
hypoxia) or prevent (eg, blood flow occlusion) O2 supply to
muscles reduce and prevent, respectively, PCr resynthesis.42 43


Furthermore, the reoxygenation rate of the skeletal muscle has
similar recovery kinetics to PCr after exercise.44 45 Therefore,
since PCr resynthesis is one of the main factors in performance
during repeated efforts,46 47 the slower repletion of this critical
substrate is a key mechanism by which hypoxia impairs TS ath-
letes’ running performance at altitude.


Other studies have demonstrated greater anaerobic energy
release and metabolic perturbations after single-sprint11 and
repeated-sprint48 49 exercise in hypoxia. This suggests that
sprinting in hypoxia leads to greater and/or earlier metabolic
fatigue (and presumably muscle fatigue) than in normoxia.
Another factor that could contribute to exacerbated fatigue
and lower intermittent HiVR at altitude is the downregulation
of the Na+, K+–ATPase in hypoxia.50 For instance, when
Na+, K+–ATPase are inhibited, the Na+/K+ leak-to-pump
ratio is increased, muscle tetanic force is depressed and
muscle fatigue is accelerated.51 Furthermore, the influence of
the build-up of energy metabolites such as inorganic phos-
phate and hydrogen ions on force development and calcium
sensitivity, which is accelerated in hypoxia, has been well
established during exercise.51 Although no data are available,
particularly on sprint exercise, it is quite likely that these
mechanisms are at play during TS matches at altitude and
contribute to hinder HiVR.


The effects of hypoxia on the nervous system function have
been well described,28 but once again, data collected from
sprint exercise are very limited. A greater attenuation of the
surface electromyographic activity (serving as a surrogate for
the central motor drive to skeletal muscles) has been reported
during repeated sprints in hypoxia.13 Motor neuron activity
can be affected via two mechanisms in hypoxia. For example,
an indirect inhibitory effect of the sensory afferent feedback
(groups III/IV muscle afferents) originating from the fatiguing
locomotor muscles occurs during endurance exercise.29 52 As
mentioned above, the accelerated development of peripheral
limb fatigue during sprints performed in hypoxia versus nor-
moxia may strongly influence the regulation of central nervous
system response and contribute to lower muscle recruitment.13


There is little doubt that these peripheral influences are increas-
ingly important at altitude and would exert a detrimental
effect on LVR and HiVR over an extended period of time,
such as during TS matches. However, the consequences of
arterial hypoxaemia on the complex relationship between per-
ipheral perturbations, muscle fatigue development, neural
adjustments and performance have yet to be examined during
repeated sprints in TS athletes in an intervention trial. There is
also the possibility of a direct effect of brain hypoxia on


muscle recruitment. For instance, motor neuron activity is dra-
matically influenced by O2 availability,53–55 and insufficient
oxygenation of the cerebral cortex can impair neurotransmitter
turnover and depress neuronal electrical activity,56 which has
been incriminated in the occurrence of central fatigue.56 57 Of
direct interest to TS athletes is that tests of repeated-sprint
ability (10×10 s sprints with 30 s rest) in hypoxic conditions
(FiO2 0.13) result in larger cerebral deoxygenation compared
to normoxia,13 39 which leads to a larger decline in muscle
recruitment in hypoxia.13 Changes in cerebral deoxyhaemoglo-
bin concentration explained 83% of the variance in electro-
myographic activity in hypoxia.13 Therefore, it is possible that
TS athletes playing at altitude exhibit such brain deoxygenation
during high-intensity periods of a match that may contribute to
curtailing their CAC.22


PREPARING TO FACE HYPOXIC CHALLENGES
The information gained by quantifying and explaining per-
formance decrements at altitude should provide coaches and
sport scientists with knowledge to better prepare TS athletes
to compete at altitude. However, until now, scarce literature
has discussed the potential benefits of altitude training in
TS,14 15 and caution should be exerted regarding the rele-
vance of such regimens for improving players’ specific fitness
(ie, CAC). Below, we provide some information that can be
used to optimise preparation of TS athletes facing hypoxic
stress during matches. We focus specifically on CAC because it
is a key fitness characteristic associated with scoring in
matches9 and because it is greatly affected (∼50% decrement)
by altitude.22


Maintaining CA capacity
Adaptations potentially favourable to high-intensity exercises
and CAC may come from intermittent hypoxic training (IHT)
in which athletes exercise in hypoxia.14 The resynthesis of
PCr—known as a key metabolic pathway for CAC46 47 may
be positively impacted by adding a hypoxic stimulus during
training. In fact, IHT involving a single leg extension results
in faster PCr resynthesis after high-intensity exercise than
similar training in normoxia.58 The authors hypothesised that
the faster PCr resynthesis observed after IHT was probably
due to an enhanced muscle O2 delivery. Since hypoxia
impairs the muscle reoxygenation capacity, which is directly
linked to PCr resynthesis,44 45 it is possible that an IHT block
that can accelerate the repletion of this substrate would
benefit the recovery of power output and, therefore, CAC at
altitude.


Compared with sea-level training, IHT induces additional
metabolic stress59 and provoke specific molecular adapta-
tions.60 61 The lower O2 partial pressure in muscle tissue during
IHT may induce a larger upregulation of the hypoxia-inducible
factor 1á,58 60 61 which has in turn been shown to increase the
fibre cross-sectional area, oxidative enzyme activity, mitochon-
drial density and capillary/fibre ratio.61–64 Recently, the idea was
put forward that IHT involving sprint exercise would increase
blood perfusion, thereby enhancing O2 utilisation and improv-
ing the behaviour of fast-twitch fibres.65 Molecular adaptations
in muscle tissue together with higher blood perfusion (presum-
ably via nitric oxide-mediated vasodilatation mechanisms)66 67


after IHT could also positively influence sprint endurance in
hypoxic environments and increase the chances of success for
an ‘away’ team residing at sea level.
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Reducing the general impact of altitude
Teams aiming at reducing the general impact of hypoxia when
travelling at altitude for a match should seek acclimatisation to
the altitude of the match.14 15 In this situation, the most effect-
ive strategy is likely to stage several days to weeks at the altitude
of the match, particularly if travel across multiple time zones is
also required.15 37 For example, it was recently reported that
the negative impact of an altitude of 1600 m on total distance
covered during a match (−9.1%) and HiVR (−15.2%) in youth
TS athletes was progressively reversed after only 6 days of resi-
dence at this low altitude (total distance: 6.2%, HiVR:
18.3%).22 For moderate altitude (2000–3000 m), 1–2 weeks
may be suitable to maximise physiological acclimatisation (eg,
O2 transport and acid–base balance),68 although such data are
not available in a population of TS athletes. Competition at
high altitude (>3000 m) poses other challenges. However, there
is evidence of incomplete acclimatisation in TS athletes after
more than 2 weeks at altitude.69 70


CONCLUSIONS
There are numerous hypoxia-induced, negative physiological
perturbations that suggest that TS athlete activity will be
reduced at altitude. These perturbations are central (ie, within
the central nervous system) and peripheral (ie, within the skel-
etal locomotor muscles) in nature, and both reduce CAC as well
as exacerbate fatigue in repeated-sprint tasks at altitude.
However, these studies do not have strong ecological validity
for the reality of the chaotic nature of TS, where athletes may
engage in strategies to protect the capacity to perform hard
tasks. A combination of field and laboratory studies is therefore
required to provide a clearer answer to the effects of altitude on
field-based TS athletes.


What is known on this subject


▸ Acute exposure to altitude impairs aerobic capacity and
endurance performance.


▸ Team-sport athletes compete in tournaments held at
altitudes sufficient to impair physical performances.


What this study adds


▸ Altitude-induced arterial hypoxaemia hinders the capacity to
perform consecutive sprints.


▸ Match running performance is lower at altitudes as low as
1200 m.


▸ Team-sport athletes competing at altitude should prepare for the
challenges of hypoxaemia to increase their chances of success.
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ABSTRACT
Team sports are increasingly popular, with millions of
participants worldwide. Athletes engaged in these sports
are required to repeatedly produce skilful actions and
maximal or near-maximal efforts (eg, accelerations,
changes in pace and direction, sprints, jumps and kicks),
interspersed with brief recovery intervals (consisting of
rest or low-intensity to moderate-intensity activity), over
an extended period of time (1–2 h). While performance
in most team sports is dominated by technical and
tactical proficiencies, successful team-sport athletes must
also have highly-developed, specific, physical capacities.
Much effort goes into designing training programmes to
improve these physical capacities, with expected benefits
for team-sport performance. Recently, some team sports
have introduced altitude training in the belief that it can
further enhance team-sport physical performance. Until
now, however, there is little published evidence showing
improved team-sport performance following altitude
training, despite the often considerable expense
involved. In the absence of such studies, this review will
identify important determinants of team-sport physical
performance that may be improved by altitude training,
with potential benefits for team-sport performance.
These determinants can be broadly described as factors
that enhance either sprint performance or the ability to
recover from maximal or near-maximal efforts. There is
some evidence that some of these physical capacities
may be enhanced by altitude training, but further
research is required to verify that these adaptations
occur, that they are greater than what could be achieved
by appropriate sea-level training and that they translate
to improved team-sport performance.


INTRODUCTION
Team sports are increasingly popular, with millions
of participants worldwide. Athletes engaged in these
sports are required to repeatedly produce skilful
actions and maximal or near-maximal efforts (eg,
accelerations, changes in pace and direction, sprints,
jumps and kicks), in a semistochastic fashion, inter-
spersed with brief recovery intervals (consisting of
rest or low-intensity to moderate-intensity activity),
with and without the ball/puck, over an extended
period of time (1–2 h). The physical demands are
therefore complex, requiring athletes to have highly
developed speed, agility, muscular strength and
power and endurance. Athletes also require the
ability to repeatedly execute complex motor skills
(eg, passing, defending and tackling) under pressure
and while fatigued.1 2


During competitive, field-based team sports, elite
athletes may cover 8–14 km at an average intensity


of ∼85–90% of their maximal heart rate (HRmax)
or 75–80% of their maximal oxygen uptake
(VO2max), with marked differences related to
playing standard and position.3–9 This suggests that
a well-developed aerobic energy system is an
important physiological determinant of team-sport
physical performance. The observation that more
than 150 different, brief, intense actions may be
performed in a team-sport match, and that athletes
may record moderately-large blood (2–14 mM) and
muscle lactate values (∼15 mmol/kg dry weight.)
after intense periods of play, indicates that the rate
of anaerobic energy turnover is also high during
periods of a match.7 10 Much effort goes into
designing training programmes to improve these
physiological capacities, with expected benefits for
team-sport performance.
Recently, some team sports have introduced alti-


tude training (AT)i in the belief that it can enhance
their sea-level, match-related physical performance.
Until now, however, there is scant published evi-
dence showing improved team-sport performance
following AT, despite the often considerable
expense involved.11 In the absence of such studies,
this review will identify important physiological
determinants of team-sport physical performance
and briefly discuss the evidence that these may be
improved by simulated or natural AT. It is beyond
the scope of this review to identify technical and
tactical abilities that may influence team-sport per-
formance and that might be affected by AT. It is
also beyond the scope of this review to discuss how
reductions in air density experienced during hypo-
baric hypoxia may affect factors such as ball flight
(air density reduces by about 10% for every
1000 m increase in altitude and will affect flight
characteristics).12


Physiological factors determining team-sport
physical performance
A better understanding of the physiological factors
associated with team-sport physical performance is
arguably the first step in order to assess whether AT
may play a role in enhancing team-sport perform-
ance. As most team sports require athletes to regu-
larly repeat short, high-intensity efforts, interspersed
with longer intervals of submaximal exercise, these
physiological factors can be broadly described as


Open Access
Scan to access more


free content


iFor the purpose of this review, altitude training refers to
living and/or training at a natural or simulated altitude
(eg, live high-train low, live high-train high). It does not
include intermittent hypoxic training, which has been the
subject of recent reviews.
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factors that affect either sprint performance or the ability to
recover from maximal or near-maximal efforts (figure 1). It
should be noted, however, that many of these factors may also
influence other aspects of team-sport physical performance (eg,
explosive power may also influence jump performance).


Sprint performance
Sprinting, defined as a running velocity above a lower limit
ranging from 19 to 25 km/h, amounts to 5–10% of the total dis-
tance covered during a match and corresponds to 1–3% of
match time in rugby league and soccer (football).13 14 The
importance of sprint performance for team-sport athletes is
highlighted by the observation that straight sprinting is the most
frequent action preceding a goal in football (soccer).15 It has
also been estimated that an ∼0.8% impairment in sprint speed
would have a substantial detrimental effect on the likelihood of
a player losing possession of the ball against an opponent, when
both players sprint for the ball.16 In addition, mean sprint speed
during a repeated-sprint ability (RSA test; which is strongly cor-
related with peak speed17–20) has been correlated with total
sprint distance during a professional football match.21 While
further research is required, there is emerging evidence that
sprint performance is an important determinant of team-sport
performance.


Despite its importance, and possibly due to an emphasis on
the effects of AT on endurance performance,11 there has been
scant research into the effects of AT on sprint performance. In
the two published studies that we are aware of, ATwas reported
to result in a greater improvement in 150 m22 and 400 m23 sea-
level running performance compared to sea-level training.
However, as the physiological and metabolic demands of these
running distances will differ from the types of sprints typically
performed by team-sport athletes (<6 s), further research is
clearly required to investigate the effects of AT on brief sprint
performance and its determinants.


Determinants of sprint performance
In simple terms, sprint performance is determined by stride
length and stride frequency (figure 1). To improve speed, an
increase in one or both of these parameters must occur within
the context of sound technique. Improvements in stride length,


and hence speed, are intimately linked to improvements in
power—which is directly related to strength, elastic strength and
dynamic flexibility (the ability to move the appropriate joints
through a large range of motion at high speeds).24 Power has
also been related to the ability to supply ATP at a fast rate and
to the percentage of fast-twitch fibres.25 Sprint performance is
also determined by stride frequency, which is related to factors
such as intramuscular coordination. We summarise below the
research investigating the effects of AT on these determinants of
sprint performance.


ATP supply
Maximal sprint efforts rely on a fast and constant turnover of
ATP, powered by phosphocreatine (PCr) breakdown and anaer-
obic glycolysis.26 As such, team-sport athletes may be able to
improve their sprint performance if they are able to enhance
their ability to deplete large amounts of high-energy phosphates
at a fast rate (ie, their anaerobic capacity).27 Anaerobic perform-
ance lasting 30 s or less on either a cycle ergometer (Wingate
test28–30) or a non-motorised treadmill31 32 is generally not
adversely affected at altitude due to enhanced anaerobic energy
release (ie, higher oxygen deficit or muscular lactate concentra-
tion),28 30 to compensate for the reduced aerobic ATP produc-
tion. A high rate of anaerobic energy release during exercise has
been proposed to be an important stimulus to increase anaerobic
capacity.33 It could therefore be hypothesised that this lower
rate of oxygen delivery to muscles when training at altitude
would increase the flux through the anaerobic energy systems
and lead to greater improvements in anaerobic capacity. In
support of this assumption, increases in maximal accumulated
oxygen deficit have been reported either after 15 days spent at
2650 m and training at 610 m (10%34) or after 14 nights spent
at 2100 m and training at 2700 m (29%35). As training has not
been reported to increase PCr breakdown during high-intensity
exercise,36–38 these increases in maximal accumulated oxygen
deficit (an indirect measure of anaerobic capacity39) can most
likely be attributed to increases in the rate of anaerobic
glycolysis.


There are conflicting results concerning the effects of AT on
glycolytic adaptations. For example, greater increases in phos-
phofructokinase (PFK) activity have been reported when sprint


Figure 1 A summary of the main physiological factors that affect team-sport physical performance; these can be broadly described as factors that
affect either sprint performance or the ability to recover from maximal or near-maximal efforts.
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interval training is performed in normobaric hypoxia
(∼3200 m), compared to normoxia.40 In contrast, research
involving endurance athletes has reported a decrease in PFK
activity after either a ‘live high-train low’ intervention (2×8 h/
week for 3 weeks; hypoxic dose <50 h)41 or training in a hypo-
baric chamber (4–5 sessions/week for 3–4 weeks at ∼2300 m).42


These negative findings can probably be attributed to the study
design whereby endurance athletes performed training at alti-
tude that consisted primarily of aerobic workouts. In addition,
the low level of hypoxia used in some of these studies
(<2500 m) may not have been sufficient to elicit an additional
activation of anaerobic pathways beyond that observed in nor-
moxia.43 While further research is required, it appears that
team-sport athletes may be able achieve greater increases in
anaerobic capacity, and possibly sprint performance, by per-
forming sprint training at altitude.


Strength
Maximal muscle strength can be defined as the maximal force a
muscle or muscle group can generate at a specific velocity.44 It
appears that hypoxia alone is insufficient to induce muscle hyper-
trophy, increase muscle strength (one repetition maximum,
1RM) or improve sea-level (repeated) sprint performance.45


However, it has been hypothesised that resistance training com-
bined with systemic hypoxia may lead to greater improvements
in muscle strength.45 46 Resistance training with systemic hypoxia
causes a reduction in the concentration of oxygen in the blood
and tissue, inducing greater accumulation of metabolites (blood
lactate) and anabolic hormones (eg, growth hormone).47 Training
under these circumstances would also result in an accelerated
recruitment of type II motor units, potentially increasing the
stress on these units and subsequently producing adaptation in
the form of hypertrophy of these motor units.48 49


Until now, only a few studies have investigated whether resist-
ance training performed in hypoxia is more efficient at improving
maximal strength and eventually single-sprint performance than
similar training in normoxia. In one study, low-resistance exercise
(6 sets of 25 repetitions at 30% 1RM, 3 times/week for 4 weeks)
combined with hypoxia (fractional inspired oxygen, FiO2=0.12,
∼4000 m) had no additional effect on maximal strength com-
pared to identical exercise completed under normoxic condi-
tions.50 In contrast, another research group has reported larger
increases in strength following resistance training performed in
hypoxia versus normoxia.46 51 In the one available study involv-
ing a team-sport population (ie, female netball athletes), resist-
ance training under hypoxic conditions (5 weeks of training of
the knee flexor and extensor muscles in which low-load resist-
ance exercise (20% of 1RM) was combined with hypoxic air to
generate blood oxyhaemoglobin levels of approximately 80%)
not only improved muscle strength (15%) and muscle hyper-
trophy (6%), but also induced faster (4%) 5 and 10 m sprint
times.51 Thus, while further research is required, especially
incorporating resistance-training protocols more specific to those
used by team-sport athletes, there is emerging evidence that
resistance training at altitude may lead to greater improvements
in muscle strength. Future studies should also determine which
form of resistance training (maximal vs explosive muscle
strength) and which hypoxic dose is best for maximising
improvements in muscle strength. As the orientation of the total
force applied to the supporting ground during a sprint acceler-
ation is more important to performance than its amount,52


future AT studies should also determine whether any enhance-
ments in maximal strength translate into a better force applica-
tion technique and better sprint performance.


Elastic strength
Elastic strength, or reactive strength, is dependent on the
stretch-shortening cycle and is the ability to exert maximal force
during a high-speed movement53; elastic strength has been
shown to be an important determinant of sprint performance.54


To our knowledge, however, there is no published research that
has directly investigated the effects of AT on elastic strength.
Future AT studies, incorporating team-sport-specific speed,
strength and power training, performed in hypoxia, should con-
sider including measures of elastic strength to address this
knowledge gap.


Neural drive/coordination
Improved intramuscular coordination, leading to increases in
stride frequency, should theoretically improve sprint perform-
ance.24 The question of whether training at altitude can lead to
greater improvements in stride frequency during sprinting has
not been specifically addressed. However, the scientific litera-
ture,55 mathematical models56 57 and performance results (1968
Olympic Games in Mexico) all suggest that sprint performance
is enhanced during acute exposure to natural altitude, which has
been attributed to the lower air density at altitude.12 This raises
the intriguing possibility of developing over-speed routines
when training at natural altitude to improve intramuscular
coordination and stride frequency. In support of this, 2 weeks of
strength and speed training at a natural altitude of 1860 m sig-
nificantly improved 150 m sprint performance in five-national
level sprinters, compared to a control group that trained simul-
taneously according to a similar programme at sea level.22


However, as this study did not specifically measure changes in
stride frequency, or recruit team-sport athletes, more research is
required.


Another important consideration for team-sport athletes is
that the ability to repeat sprint performance has been associated
with the ability to maintain faster stride frequencies, through
retaining higher vertical stiffness.58 59 Mounting evidence, gath-
ered from laboratory-based studies, suggests that biomechanical
manifestations of fatigue are likely to be driven, at least partially,
by hypoxia severity-dependent reductions in neural drive to the
active musculature60 61; this is presumably the result of
hypoxia-induced increased levels of intramuscular metabolites
known to stimulate group III–IV muscle afferents (ie, accelerated
development of peripheral fatigue) at moderate-to-high hypoxic
levels (simulated altitudes <4000 m).62 At higher altitudes, the
exaggerated development of central fatigue is primarily deter-
mined by a stronger reflex inhibition due to brain hypoxia.63


These heights, however, are clearly not relevant for team-sport
AT purposes; that is, if too severe, hypoxia compromises train-
ing quality and hence counteracts the possible benefits to be
derived from the greater stimuli to adapt. Although chronic alti-
tude exposure (a 14-day exposure at 5260 m) has the potential
to attenuate the development of central fatigue during continu-
ous, whole body exercise,64 whether a comparable response of
the central nervous system can occur during high-intensity inter-
mittent exercises after training at heights similar to those com-
monly used by team-sport players (1500–3600 m) is currently
unknown. Although scientific support is currently lacking, it
could also be that a hypoxia-induced improvement in the
central motor drive resulting from AT may improve musculo-
skeletal stiffness regulation (ie, less energy wasted on braking
forces and minimal vertical oscillation of the centre of mass),
leading to a faster stride frequency and thereby improved sea-
level repeated-sprint performance.


Bishop DJ, et al. Br J Sports Med 2013;47:i17–i21. doi:10.1136/bjsports-2013-092950 3 of 7


Review


 group.bmj.com on November 28, 2013 - Published by bjsm.bmj.comDownloaded from 



http://bjsm.bmj.com/

http://bjsm.bmj.com/

http://group.bmj.com/

http://group.bmj.com/





Recovery between efforts
Maximal oxygen uptake
Given the total distance travelled in a match, the relatively high
average match intensity and the necessity to recover from brief,
high-intensity activities, it is generally believed that high aerobic
fitness is important for team-sport success. The most widely
accepted measure of aerobic fitness is the VO2max, which repre-
sents the maximum rate at which aerobic metabolism can supply
energy.65 In support of the importance of VO2max, studies have
reported a correlation between VO2max and the distance covered
during team sports.66–68 It has also been reported that partici-
pants with a greater VO2max are better able to maintain power
outputs/sprint times during a repeated-sprint exercise and that
there are moderate correlations (r=−0.20 to −0.75), not always
significant, between VO2max and performance drop-off
indices.69–77 While some studies have reported increases in
VO2max following AT,78–80 this is not a universal finding, espe-
cially in well-trained athletes.34 81


As indicated by the Fick equation, VO2max is determined by
central and peripheral factors. Until now, however, there has
been limited research investigating the relationship between the
central and peripheral determinants of VO2max and team-sport
physical performance. In one of the few studies, McMahon and
Wenger82 reported a weak correlation between cardiac output
and the maintenance of power output during intermittent sprint
exercise. While further research is required, it seems unlikely
that increases in cardiac output will contribute to improvements
in team-sport physical performance following AT.


The dominant factors explaining the association between
VO2max and team-sport physical performance appear to be per-
ipherally located.82 In particular, the importance of the periph-
eral component of VO2max is highlighted by the similar
relationship between the arteriovenous oxygen difference
(a-VO2 diff ) and VO2max and the ability to maintain power
output during brief, intermittent sprints.82 This suggests that
adaptations at the tissue level (eg, muscle oxidative capacity,
capillarisation, haemoglobin mass) may be important determi-
nants of the ability to frequently perform high-intensity activ-
ities during a team sport.83 In support of this, it has been
reported that the fatigue index during repeated-sprint exercise
was inversely correlated with maximal ADP-stimulated mito-
chondrial respiration measured directly on muscle fibres,84 that
capillary density was significantly related to recovery following a
bout of maximal knee extensions85 and that giving erythropoi-
etin resulted in a reduced accumulation of anaerobic metabolites
in the blood following an intermittent sprint task.86 Further
research is required, however, to establish the relationship
between these peripheral factors and actual team-sport physical
performance.


Despite the need for further team-sport-specific research,
there is evidence that some of these peripheral factors can be
improved by AT. Compared to sea-level training, ‘live high-train
low’ AT has been reported to increase the a-VO2 diff.78 In con-
trast, research suggests that short-duration (<4 week) ‘live high-
train low’ AT protocols do not increase capillarisation.87–89


However, training under normobaric hypoxic compared to nor-
moxic conditions has been reported to result in greater increases
in capillary density in one study,90 but not another.91 The
effects of AT on mitochondrial adaptations remain unresolved.
Mitochondrial respiration has been reported to diminish follow-
ing 28 days of exposure to ∼3500 m,92 to remain unchanged
following 9–11 days of exposure to ∼4500 m93 or to increase
following 19 days of exposure to ∼3200 m (Bishop et al unpub-
lished research). It is now established that long-term (>4 week),


but not short-term (<4 week),94 exposure to extreme
(>5500 m) environmental hypoxia decreases the mitochondrial
content of muscle fibres.95 However, compared to normoxic
training, training under hypoxic conditions (∼2000–4000 m)
has been reported to result in greater increases in citrate syn-
thase activity91 96 (citrate synthase is an enzyme that is exclu-
sively located in the mitochondria97 and is strongly correlated
with mitochondrial content98).


While there is some controversy,99 100 increases in haemoglo-
bin mass (Hbmass) are often reported following different types
of AT, assuming an appropriate ‘hypoxic dose’ (∼300 h).78 79 101


Also, as the magnitude of haemoglobin (Hb) increase has been
suggested to be related to baseline Hbmass,


102 team-sport ath-
letes may be more likely to present increased Hbmass in response
to AT than elite cyclists. Even though increases in Hbmass do not
necessarily lead to improvements in VO2max,


99 there may be
benefits for aerobic metabolism through the compensatory
decrease in blood flow which may slow the mean blood transit
time and improve the exchange of gases, substrates and metabo-
lites.103 Thus, while there is emerging evidence that many of
the peripheral determinants of VO2max can be improved by
either living and/or training under hypoxic conditions, further
research is required to optimise the hypoxic stimulus and to
investigate the effects of these changes on subsequent
team-sport-related physical performance.


Phosphocreatine resynthesis rate
We are unaware of studies directly investigating the influence of
the PCr resynthesis rate on team-sport physical performance.
Nonetheless, there is good evidence that PCr resynthesis is an
important determinant of the ability to recover single-sprint and
repeated-sprint performance.104–108 This is supported by the
observation that occlusion of the circulation to one leg prevents
PCr resynthesis and reduces total work in subsequent sprints.109


The importance of PCr resynthesis for intermittent sprint per-
formance is further supported by research demonstrating that
creatine supplementation (which increases the PCr resynthesis
rate110) improves multiple-sprint performance, especially when
the recovery between sprints ranges from 50–120 s111–114 and
also improves some 20 m sprints and agility tasks during an
exercise protocol designed to simulate match play in female
football (soccer) players.115


The importance of the PCr resynthesis rate for the ability to
recover from high-intensity exercise suggests that future studies
should investigate the influence on AT on the rate of PCr
resynthesis in team-sport athletes. It has been reported that the
PCr resynthesis rate is positively correlated with citrate synthase
activity116 and is reduced in patients with mitochondrial myop-
athies.117 Therefore, changes in the PCr resynthesis rate follow-
ing AT are quite likely to closely reflect mitochondrial
adaptations (which have been equivocal until now and also
require further research).


Buffer capacity
In contrast to the good evidence that VO2max and the PCr
resynthesis rate are important determinants of team-sport phys-
ical performance, the importance of the hydrogen ion (H+) buf-
fering is more controversial. A number of studies,118–123 but not
all,124 125 have reported that increasing the blood buffer cap-
acity is quite likely to improve repeated and intermittent sprint
performance. However, the importance of muscle buffer cap-
acity (βm) is less convincing. Despite a persistent low muscle
pH, sprint power output has been reported to partially recover
6 min after a repeated-sprint test.104 Moreover, no significant
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correlations were noted between the recovery of pH and the
recovery of power output during single or repeated sprints.104


Similarly, previous studies have shown that sprinting abilities
were restored faster than muscle pH106 126 and that the decline
in sprint performance during a football (soccer) match was not
correlated with muscle pH.10 There has been one study that has
reported a moderate correlation between βm and RSA,71 but to
our knowledge no studies have correlated βm with team-sport
physical performance.


Another way to assess the importance of βm is to assess
team-sport-related physical performance before and after
β-alanine supplementation. β-alanine is an important precursor of
carnosine (β-alanyl-L-histidine),127 an important muscle buffer
that has been estimated to account for ∼10% of the total buffering
capacity in the human vastus lateralis muscle.128 β-alanine supple-
mentation has been reported to improve Yo-Yo test performance129


(a test that correlates well with match physical performance in
soccer players130 131), but not intermittent sprint performance.132


Thus, while there is some evidence that βm may influence team-
sport performance, more research is required.


Until now, five studies have investigated changes in βm in
response to various forms of AT (with an average increase of
∼7%; range=0–18%).35 41 87 133–135 However, the response is
quite variable with the smallest and the largest changes in βm
reported following very similar altitude-training protocols by
the same research group.133 134 Nonetheless, while this research
suggests a possible benefit of AT on βm, and therefore poten-
tially team-sport physical performance, greater gains in βm have
typically been reported in response to interval training.136 137 It
is therefore difficult, based on current evidence, to justify the
expenses associated with AT if the goal is to maximise improve-
ments in βm.


CONCLUSIONS AND FUTURE DIRECTIONS
There are many physiological qualities, important for team-sport
performance, that could theoretically be improved by AT.
However, much of this information is derived from studies con-
ducted with endurance (individual) athletes. Further research is
required to verify that these adaptations occur in team-sport ath-
letes after AT and that these adaptations translate to improved
team-sport physical performance. It will also be important to
determine whether these adaptations are greater than what can be
achieved by regular sea-level training. Given the many ways in
which AT may be performed (eg, ‘live high-train low’, ‘live high-
train high’, ‘live low-train high’) and the different levels or
conditions of hypoxic exposure possible, more research is required
to optimise the ATstimulus to improve match-related physical per-
formance and the different physiological determinants of team-
sport physical performance identified in this review.


What are the new findings?


▸ This review summarises the physiological determinants of
team-sport physical performance that could potentially be
improved by altitude training.


▸ While the theoretical rationale is quite strong, there are very
few published studies that have investigated changes in
team-sport physical performance, or its determinants, in
response to altitude training.


▸ There are many conflicting findings in the literature, which
indicates the need to better control for diet, training and the
altitude dose.


How might it impact on clinical practice in the near
future?


This review highlights that there is theoretical support for the
use of altitude training by team-sport athletes. However, it also
highlights the need for further research to verify that altitude
training can promote greater physiological adaptations than
appropriate sea-level training and that these greater
physiological adaptations translate to improved team-sport
physical performance.
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ABSTRACT
Objectives To examine the time course of wellness,
fatigue and performance during an altitude training
camp (La Paz, 3600 m) in two groups of either sea-level
(Australian) or altitude (Bolivian) native young soccer
players.
Methods Wellness and fatigue were assessed using
questionnaires and resting heart rate (HR) and HR
variability. Physical performance was assessed using HR
responses to a submaximal run, a Yo-Yo Intermittent
recovery test level 1 (Yo-YoIR1) and a 20 m sprint. Most
measures were performed daily, with the exception of
Yo-YoIR1 and 20 m sprints, which were performed near
sea level and on days 3 and 10 at altitude.
Results Compared with near sea level, Australians had
moderate-to-large impairments in wellness and Yo-YoIR1
relative to the Bolivians on arrival at altitude. The
acclimatisation of most measures to altitude was
substantially slower in Australians than Bolivians, with
only Bolivians reaching near sea-level baseline high-
intensity running by the end of the camp. Both teams had
moderately impaired 20 m sprinting at the end of the
camp. Exercise HR had large associations (r>0.5–0.7)
with changes in Yo-YoIR1 in both groups.
Conclusions Despite partial physiological and
perceptual acclimatisation, 2 weeks is insufficient for
restoration of physical performance in young sea-level
native soccer players. Because of the possible decrement
in 20 m sprint time, a greater emphasis on speed training
may be required during and after altitude training. The
specific time course of restoration for each variable
suggests that they measure different aspects of
acclimatisation to 3600 m; they should therefore be used
in combination to assess adaptation to altitude.


INTRODUCTION
International soccer matches may be played at a
high altitude. This generally represents a disadvan-
tage for visiting teams.1 The changes in air resist-
ance affects ball trajectories2 and the decreased
oxygen (O2) availability reduces aerobic capacity.3


The availability of O2 is essential for match
running performance4 5 and also assists the ability
to repeat high-intensity efforts.6 While the optimal
time of arrival prematch has received very limited
consideration,1 7 it is generally recommended to
arrive ∼2 weeks before competition to allow partial
acclimatisation.1 For instance, 6 days of acclimatisa-
tion at 1600 m was insufficient to avoid impaired


match running performance.5 Since the time
required for acclimatisation is likely altitude-
dependent,1 8 longer periods may be required for
matches played at higher altitudes.
Altitude training camps are also used to increase


sea-level physical performance.4 9 However, little is
known about player tolerance to those camps. Living
at high-altitude presents a physiological challenge for
native sea-level athletes, with depressed immune
function,10 altered autonomic function,11 acute
mountain sickness (AMS) and sleep disturbance
reported.1 These responses are problematic as they
can negate the expected ergogenic benefits of the
camps.12 Therefore, to optimise such training pro-
grammes, there is a need to examine the time course
of wellness, fitness and performance responses
during such camps. A need also exists to identify the
most useful tools for monitoring these changes.
The use of wellness questionnaires to monitor


training responses has grown exponentially.13 14


There is also growing interest for heart rate variabil-
ity (HRV) measures15 16 and heart rate (HR)
responses to submaximal exercise,13 15–17 since both
are largely associated with high-intensity running
performance (field tests). Whether these measures
can also be used successfully in the context of a
high-altitude training camp is however still
unknown, as is whether these measures are equally
useful for sea-level versus high-altitude natives.
The primary aim of the present study was to


examine the time course of wellness, fatigue and
performance markers during a high-altitude train-
ing camp in sea-level and altitude native soccer
players. The secondary aim was to assess the effects
of the camp on the physical performance of native
sea-level players after returning to near sea level.


METHODS
Participants
Twenty Australian (16.0±0.4 years, 179±5 cm,
68.5±5.6 kg and 2.4±0.5 years from predicted
peak height velocity ((PHV18)) and 19 Bolivian
(18.1±1.0 years, 171±6 cm, 63.5±7.3 kg and 2.9
±0.8 years from PHV) soccer players participated
in the study.19 Australian players had no previous
experience at high altitude (>2500 m). Before the
camp, the Australians played a two-week tourna-
ment in Saudi and then rested for a week. The
Bolivians were in the final stage of their prepara-
tory season. During the competitive season, the
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Australian as well as the Bolivian players trained/played ∼8–9 h/
week (4–5 sessions+1 game). The project was approved by the
Australian Institute of Sport (AIS) and the Instituto Boliviano de
Biología de Altura ethics committees.19 All players (or guardians
if under 18 years) provided written consent before participating.


Study overview
Players participated in an 18-day camp comprising 6 days at
430 m, (Santa Cruz, ‘near sea-level’) and 12 days at 3600 m (La
Paz, ‘altitude’). The overall study design has been detailed in
figure 1 of the companion paper.19 Possible travel effects are
also discussed in another article.20 Training load (arbitrary units)
was calculated for all players as total training duration (min)×-
session rating of perceived exertion (RPE, CR10 modified
Borg’s scale), collected within 10 min of completing each train-
ing session.21 Players performed the Yo-Yo Intermittent recovery
test level 1 (Yo-YoIR122) and a 20 m sprint at near sea-level
(Santa Cruz stadium, 430 m) and repeated these twice at alti-
tude (Valle De Sol stadium, 3000 m, Lipari, Bolivia). These per-
formance tests were also conducted in Canberra (AIS, 580 m
above sea level, Australia) on a subgroup of 10 Australian
players (16.1±0.6 years, 181±8 cm, 70.5±7.7 kg and 2.8±0.7
year from PHV) who were members of the AIS football pro-
gramme, twice before the camp (in-season during a high-
intensity training phase), and 11 days after the camp. The
remaining players (n=10) could not be tested at these times
because they resided in different locations around Australia. On
most days during the camp, body mass, resting arterial O2 satur-
ation (SpO2, Choice Pulse Oximeter OxyWatch MD300C63,
Beijing, China) resting HR (HRrest), resting HRV, perceived
wellness and Lake Louise scores were assessed after awakening
and HR and RPE (CR10 modified Borg’s scale) responses to a
standardised 5 min submaximal run (9 km/h over 20 m shut-
tles13) were measured before each training session/match.23


While the players were not assisted by a nutritionist, coaches
and support staff ensured that all players ate adequately and
adopted a ‘healthy’ style of eating during the entire camp.


Performance tests
During the camp, tests were performed on outdoor grass fields
on the mornings of days 5 (30°C, 53% relative humidity (RH),
crosswind speed 1.0–3.5 m/s), 3 (17°C, 35% RH, 0.8–2.0 m/s)
and 10 (14°C, 26% RH, 0.8–2.5 m/s). Players performed three-
timed 20 m sprints using electronic timing gates (Fusion Sport,
Coopers Plains, Queensland, Australia). Each sprint started from
a standing start with the front foot immediately behind the start-
ing line (0 m) and the best performance was analysed. The
typical error of similar sprint tests, expressed as a CV is 1.4%,
90% confidence limits, CL (1.2;1.6).24 The Yo-YoIR1 was per-
formed as previously described,22 and presents day-to-day varia-
tions of ∼8–10%.22


HR-derived measures
All HR data were collected with a Polar Team2 system (1.4.1,
Polar Electro Oy, Kempele, Finland). Resting morning data were
collected daily after awakening (except day 7), with the players
sitting quietly for 8 min. After visual examination and artefact
corrections, the average HR and the SD of the instantaneous
beat-to-beat R–R interval variability measured from Poincaré
plots (LnSD1) were calculated using the last 3 min of the record-
ing and was used as a measure of cardiac parasympathetic activ-
ity.25 Since this index is unaffected by breathing frequency,26


it was unlikely confounded by potential differences in hypoxic
ventilatory responses between groups.1 The average HR during


the last minute of the 5 min submaximal run (exercise HR,
HRex) was expressed as a percentage of individual maximal HR
(determined from peak HR in the Yo-YoIR1), and used as an
index of cardiorespiratory fitness. Day-to-day variations in
resting HRV measures are ∼10–12%.27 Variations in HRex
during a competitive period in soccer players average ∼3%.28


Measures of wellness and well-being
We used RPE responses to the 5 min submaximal run as an
acute index of exercise tolerance. A psychometric question-
naire29 was used to assess indicators of player wellness.13 The
questionnaire comprised five questions related to perceived
fatigue, sleep quality, general muscle soreness, stress levels and
mood with each question scored on a 5-point scale (with 1 and
5 representing poor and very good wellness ratings, respect-
ively).13 The overall wellness was then determined by summing
the 5 scores. Players also completed the Lake Louise AMS
Questionnaire,30 which included five simple questions (0–3
scale) that are sensitive in quantifying levels of altitude. The
overall Lake Louise score was determined by summing all
scores. Both questionnaires were completed daily (except day 7)
immediately after the resting HR assessments. The day-to-day
variations of RPE responses to short bouts of exercise of various
intensity in soccer players is ∼10%.31 There is no available reli-
ability data for the wellness or Lake Louise questionnaires.


Statistical analysis
Data in the text and figures are presented as means with 90%
CL and CI, respectively. All data were log transformed to reduce
bias arising from non-uniformity error. Between-group standar-
dised differences in all monitored variables were calculated
using pooled SDs. Because of possible travel effects on wellness,
fatigue and fitness measures during the first few days, the base-
line values used for analysis were calculated using only the
2 days preceding ascent (except for performance). Also, to
control for the possible effect of fitness status and/or initial
freshness on performance responses, all analyses were adjusted
for baseline values collated in each group on the day of testing.
Data from the four players who became sick32 were partially
removed from analysis (2–3 sick days +2 following days).
Threshold values were >0.2 (small), >0.6 (moderate) and >1.2
(large).33 Uncertainty in each effect was expressed as 90% CL
and as probabilities that the true effect was substantially positive
or negative. These probabilities were used to make a qualitative
inference about the true effect as previously described.33


Changes in body mass during the week near-sea-level and the
first week at altitude were assessed using within-individual linear
regressions (kg/day1, with 90% CL). A trend was considered
substantial if the 90% CL did not overlap zero. Finally, multiple
linear regression models (stepwise backward elimination proced-
ure) with Yo-YoIR1 and 20 m sprint times as the dependent vari-
ables were also used. The magnitude of the correlations was
rated using Hopkins’ scale.33


RESULTS
Training load
Both teams trained 11–12 times and played five games (figure 1).
The total training time at near sea level was 4.8 h and 6.2 h for
Australians and Bolivians, respectively (unclear difference). At
altitude, the total training time was 14.2 h and 12.6 h for
Australians and Bolivians, respectively (unclear difference). At
near sea level, training load was very likely greater in the
Australians than in the Bolivians. This difference was almost
certainly twice as great at 3600 m (figure 1).
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Arterial saturation
During the first week at altitude, SpO2 was almost certainly
lower for the Australians than the Bolivians (figure 2). This dif-
ference was progressively reduced from days 7–8, but the
Australian values remained likely lower at the end of the camp.


Body mass
The coefficients of determination (r2) for the linear regressions
between body mass and day at near-sea-level were 0.29±0.31
and 0.78±0.29 for the Australians and Bolivians, respectively.
At altitude, r2 values were 0.53±0.31 and 0.35±0.28 for the
Australians and Bolivians, respectively. During the first 6 days
near sea level, body mass increased almost certainly more in
the Bolivians (0.38, 90% CL (0.32;0.43) kg/day) than the
Australians (−0.04 (−0.13;0.04) kg/day) (figure 2). During
the first altitude week, body mass decreased substantially both
in the Australians (−0.27 (−0.19;−0.35) kg/day) and Bolivians
(−0.21 (−0.09; −0.33) kg/day), with an unclear difference
between the teams. The increase in body mass in the Bolivians
near sea level was likely faster than the body mass loss at alti-
tude (−0.7 (−1.2;−0.1), with 91% chances of greater values).


HR measures
After arrival at altitude, HRrest increased and LnSD1 decreased
likely more in the Bolivians than Australians (figure 2). Both
HRrest and LnSD1 returned to near sea level values by day 10 for
the Australians and remained almost certainly elevated on day 5 in
the Bolivians (standardised difference +0.8, 90% CL (0.6;0.9)).
The increase in HRex at altitude was almost certainly greater for
the Bolivians than Australians, both on arrival (figure 2) and at the
end of the camp (+0.6(0.2;1.0)). It was almost certain that HRex
did not return to near sea level values in either group by the end
of the camp (+1.9(1.6;2.2) and + 2.1(1.6;2.5) for Australians and
Bolivians, respectively).


Perceived measures
The RPE response to the 5 min run at altitude increased almost
certainly more in the Australians than Bolivians; values returned
to baseline within 2 days and 1 day at altitude in the Australians
and Bolivians, respectively (figure 2). Total wellness and Lake


Louise scores showed likely to very likely greater disturbance in
the Australians on arrival, but normalised after the second day
of exposure (figure 2).


Physical performance
Only 13 Australian and 15 Bolivian players performed all three
test sessions. From the 10 players also tested in Canberra, only 6
performed the 5 tests. On arrival at altitude, Yo-YoIR1 very likely
decreased more in the Australians than Bolivians (figure 3). At
the end of the camp, Yo-YoIR1 remained likely impaired in the
Australian players (−0.9(−1.6; −0.3)) but returned to near sea-
level values in the Bolivians (+0.1(−0.2;0.5)). Eleven days post-
camp there was a very large and almost certain increase in
Yo-YoIR1 in the Australians compared with baseline measures at
near sea level.


On arrival at altitude, there was a slightly greater impairment
in 20 m sprint performance in the Australians than Bolivians
(figure 3). There was no clear between-group difference in the
change during the camp. However, at the end of the camp,
compared with near sea level, 20 m sprint time was very likely
impaired in the Australians (+0.7(0.4;1.1)) and likely impaired
in the Bolivians (+0.4(0.1;0.6)). Eleven days postcamp, 20 m
time was further impaired for the Australians.


Associations between variables
The only clear predictors of changes in Yo-YoIR1 were ΔHRex
and ΔLnSD1 in the Australians, and ΔHRex in the Bolivians
(table 1). All perceived measures were excluded from the
models. There was no clear predictor of changes in 20 m sprint
time.


DISCUSSION
The main results were as follows: (1) the Australian players had
moderately-to-largely greater impairment in wellness, RPE and
high-intensity running performance than the Bolivians when
arriving at altitude; (2) the acclimatisation of most measures to
altitude was slower in the Australian than in the Bolivian
players; (3) precamp high-intensity performance was reached
only by the Bolivians by the end of the camp; (4) both teams
showed an impairment in 20m sprint times at the end of the


Figure 1 Mean daily training load
(± SD) for the Australian (AU) and
Bolivian (BO) teams. Circled numbers
indicate days when physical
performance tests were performed. The
green background area represents time
spent in altitude (3600 m). Numbers
indicate between-group standardised
differences (90% confidence limits)/
chance for this difference to be greater
than the smallest worthwhile
difference (see methods).
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camp; (5) HRex was the only variable showing clear associations
with changes in high-intensity running performance in both
teams.


Living at altitude
Near sea level, body mass increased in the Bolivians (0.4 kg/day)
but remained stable for the Australians (figure 2). While body


composition data are lacking, this increase in the Bolivians was
likely related to plasma volume expansion34 and the develop-
ment of peripheral oedema.1 Conversely at altitude, both teams
lost 0.2–0.3 kg/day during the first 5 days (figure 2), which is in
agreement with previous data in young skiers during a 6-day
training camp at 2830 m.35 This suggests a generic altitude
effect for both teams (eg, dehydration mechanisms triggered by


Figure 2 Values are presented as mean±SD for the Australian (AU) and Bolivian (BO) teams. Changes in arterial oxygen saturation (SpO2, A),
body mass (panel B), resting heart rate (HR, C), resting vagal-related HR variability (LnSD1, D), HR response to the 5-min submaximal run (panel E),
rate of perceived exertion (RPE) response to the 5-min submaximal run (panel F), total wellness (panel G) and Lake Louise scores (H). The green
background area represents time spent at altitude (3600 m). The grey horizontal bars indicate the magnitude of trivial changes for both teams (see
methods). The small inserted graphs for SpO2 and body mass show the between-group standardised differences in mean SpO2 values during the
first week (W1) and on day 13 (D13), and body mass slopes (90% CIs)/chance for this differences to be greater than the smallest worthwhile
difference (represented by the vertical grey bars, see methods). The inserted graphs for the six other variables show the between-group standardised
differences in the change immediately after ascent (90% CIs), that is, average of the last two days versus first day at altitude/chance for these
differences to be greater than the smallest worthwhile difference (represented by the vertical grey bars, see methods).
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the drier air and hyperventilatory responses8), and that preaccli-
matisation is unlikely to affect this response. As expected,
wellness and Lake Louise scores showed greater disturbances
in Australians, but as previously reported,1 35 36 these


perturbations normalised within 2 days (figure 2). These
team-average data suggest that both teams coped well with train-
ing and/or altitude. The detailed analyses of sleeping patterns20


complete the overall picture.


Figure 3 Changes in Yo-Yo
Intermittent Recovery test level 1
(upper panel) and 20 m sprint time
(lower panel) for the Australian (AU,
n=13) and Bolivian (BO, n=15) players.
The inserted graphs show the
between-group standardised difference
in the change (90% CIs)/chance for
this difference to be greater than the
smallest worthwhile difference
(represented by the vertical grey bars,
see methods). The data from six AU
players, who were also tested before
and after a 5.5-week period preceding
the camp (March–April 2012), and
11 days after the camp, are presented
as complementary data. Numbers
indicate within-group standardised
changes in performance (90%
confidence limits)/chance for these
changes to be greater than the
smallest worthwhile change. The green
background area represents time spent
at altitude (3600 m).


Table 1 Predictors of Yo-YoIR1 running performance


Variables Standardised coefficient Partial r p Value r2 r Rating


AU Model 1 Intercept 0.31 0.56 (0.27;0.75) Large
HRex −0.57 −0.57 <0.001


Model 2 Intercept 0.44 0.66 (0.42;0.82)
ΔHRex −0.41 −0.50 <0.001 Large
ΔLnSD1 0.38 0.50 <0.01


BO 0.28 0.53 (0.23;0.74) Large
Model 1 Intercept


ΔHRex −0.53 −0.53 <0.01


Coefficient of determination (r2, stepwise multiple regression model) and associated correlation coefficient (r) illustrating the relationships between changes in Yo-Yo Intermittent
Recovery Level 1 (Yo-YoIR1) and the different cardiovascular, autonomic and perceived measures for Australian (AU, n=51 observations) and Bolivian (BO, n=45 observations) players.
None of the perceived measures were included in the final models.
Yo-YoIR1, Yo-Yo Intermittent Recovery Level 1
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It took 10 days at altitude for cardiac autonomic activity to
normalise in the Australians (figure 2). This recovery rate was
faster than that reported at 4500 m,11 and likely related to the
lower altitude. The time course of HRrest and resting HRV was
actually similar to that of SpO2 in the present study, which
increased after the first week. Similarly, in cross country skiers
sleeping at a simulated altitude of 3500 m, SpO2 did not change
within 5 days.36 Changes in HR measures were nevertheless dis-
sociated from perceived measures (figure 2), suggesting that both
variables may inform on different aspects of altitude acclimatisa-
tion. Because of the limited reliability of RPE responses to sub-
maximal runs (>30%37) in comparison with HR (3%), RPE is
likely less sensitive to slight changes in exercise intensity. It is also
possible that the increase in cardiovascular work (ie, ∼3–5% for
HR) at this low relative intensity was not large enough to affect
perception of effort. In contrast, RPE response may be more
related to ventilatory response, which takes a few days to normal-
ise.1 Surprisingly however, the Bolivians and not the Australians,
had the greater HRV changes, suggestive of greater autonomic
perturbation. These results may reflect a limitation of HRV mea-
sures to accurately assess cardiac autonomic function in the
present setting, at least in high-altitude native players examined
near-sea-level. Since an increased blood volume decreases HR
and increases HRV,38 the fluid alterations observed in the
Bolivians34 could have triggered parasympathetic activity further
than its actual resting level. This phenomenon should not be
overlooked when using resting HR measures to estimate cardiac
autonomic activity.


Training and playing at altitude
During the camp, despite matching training volume, the
Australians reported systematically greater perceived training/
playing loads than the Bolivians (figure 1). While this initial dif-
ference could be related to carry-over effects of international
travel, and acknowledging that data on external load (eg, dis-
tance covered at different speeds assessed through GPS) would
be required to fully characterise training load in both groups,
the doubling of the between-group standardised difference at
altitude suggests a direct effect of altitude on the perceived exer-
tion for the non-acclimatised players. This hypothesis is con-
firmed by the greater RPE increase in response to the
submaximal run at altitude in the Australians (figure 2). In add-
ition to a possibly greater relative training intensity, hypoxia
itself also affects perceived exertion.39 In fact, central fatigue is
likely elicited by low brain oxygenation,40 which was possibly
lower in the Australians if we consider resting SpO2 levels
(figure 2).


Physical performance at altitude
On arrival at altitude, high-intensity running performance
decreased in both groups, but more in Australian players (figure 3).
These findings are consistent with the moderately greater
decrease in _VO2max reported in adult native sea-level versus
high-altitude football players tested within 2 days of arrival at
3600 m (standardised difference in the change is −1.1 for sea-
level natives).41 The large Yo-YoIR1 performance decrement in
Australian players (−30%, standardised decrease of 1.4) was
also within the range of that reported for _VO2max at 3600 m
(−24%41) or during an incremental running test in native
sea-level athletes (−20% at 2830 m35). After 9 days at altitude
the Australians’ performance remained moderately impaired
(figure 3). This confirms that with respect to high-intensity
running performance, acclimatisation of sea-level natives to
3600 m requires >2 weeks and may never reach those at sea


level.1 Finally, it is worth acknowledging that the long-haul
flight and the descent from altitude to which the Australians and
Bolivians were respectively exposed likely affected their baseline
values for the first few days of the camp. While it is impossible
to quantify the magnitude of these possible effects on players’
initial physical performance, these effects were accounted for in
the analysis (see Statistical analysis section). Nevertheless, the
impairment observed at altitude would be greater, and the
recovery time course longer, if compared with tests performed
under optimal conditions.


Somewhat surprisingly, sprint performance decreased moder-
ately throughout the camp (figure 3). While the reduced air
density at high altitude would be expected to acutely improve
sprint performance,42 the decreased running intensity and the
reduced number of sprints and accelerations during games43 (and
likely training) might have weakened the daily neuromuscular
load, resulting in a partial ‘detraining’ of speed.44 In fact, because
of the busy match schedule, no speed-specific sessions were imple-
mented by either team. While a possible neuromuscular fatigue
(alteration in central drive or even a peripheral limitation due to
chronic hypoxic stress) could also explain the impaired sprint per-
formance, all wellness scores, including perceived fatigue and
general muscle soreness remained stable after the acute acclimatisa-
tion period. Additionally, if fatigue occurred, it is likely that
HRrest and HRV would also have changed accordingly.


Monitoring changes in physical performance at altitude
HRex was the only variable that had trends comparable to those
of Yo-YoIR1 performance in the Australian players (table 1), that
is, increased on arrival and did not return to baseline values
(figure 2). An acute elevation of HRex is common7 8 45 at altitude
and its recovery is likely related to altitude severity.5 7 It is
however worth noting that as with resting HRV, the acute
changes observed in the Bolivians after returning to altitude were
exacerbated, possibly due to their plasma volume expansion at
near-sea-level.34 This hypothesis is confirmed by the fact that, in
contrast to Yo-YoIR1 performance, HRex did not return to base-
line values by the end of the camp in the Bolivians. These results
confirm that HRex is a valuable high-intensity performance mon-
itoring tool,13 16 17 but like resting HR measures, acute changes
in blood volume should also be considered when interpreting a
player’s training status. The small but clear additional contribu-
tion of cardiac parasympathetic activity to Yo-YoIR1 performance
changes in the Australian players (table 1) confirms the associ-
ation between vagal activity and readiness to perform high-
intensity intermittent exercise.15 The lack of association between
all perceived measures and Yo-YoIR1 performance (table 1) is in
agreement with the dissociation between Lake Louise scores
(recovered within 3–4 days) and high-intensity performance
(impaired after 6 days) observed in young skiers at 2830 m.35


Finally, since the performance tests were conducted outdoors on
sport-specific surfaces, environmental conditions could not be
controlled. The potential effect of these factors on performance,
perceived and HR variables therefore could not be quantified,
which is a limitation of this study.


Altitude-training camps: are they worthwhile?
The increase in Yo-YoIR1 11 days after the camp was very large
(figure 3), and importantly, three times greater than the increase
observed earlier during the season. Although limited to only six
players, these results confirm the generally reported
aerobic-related performance rebound 1–2 weeks after descent
from altitude.9 The exact physiological mechanisms of this
improved high-intensity running capacity remain unclear, but
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the haematological changes reported34 should be considered.
After the camp sprinting performance was further impaired; this
impairment was four times greater than that earlier during the
season (eg, March to April). Considering the importance of
sprinting ability in soccer,46 a greater emphasis on speed train-
ing may be recommended during and following altitude
training.


CONCLUSIONS
To prevent a drop in high-intensity running performance at
high-altitude, acclimatisation periods of at least 2 weeks are
recommended. A greater emphasis on speed training may be
required during and following altitude training. HRex and HRV
indices may be the most practical tools to track acclimatisation
to altitude, particularly in non-altitude natives. Psychometric
measures showed limited usefulness for tracking performance
changes in the present setting.


What is known on this subject


▸ The decreased oxygen availability at high altitude impairs
aerobic exercise capacity; conversely, single sprint
performance is acutely improved.


▸ Psychometric and physiological measures, such as
questionnaires or heart rate (HR) responses, can be used as
indicators of acclimatisation to altitude.


▸ At least 2 weeks of acclimatisation at the altitude of
competition is generally recommended before playing
matches, but information on team sports is lacking.


What this study adds


▸ Two weeks of acclimatisation at high-altitude is not long
enough for native sea-level players to fully recover their
high-intensity running performance, despite resting measures
of HR, HR variability and wellness having returned to
normal.


▸ A 2-week altitude training camp may impair sprint
performance, probably as a result of the inability to
maintain an appropriate neuromuscular load during training
and matches.


▸ The HR response to a submaximal running test can be used
to estimate changes in high-intensity performance at
altitude in native sea-level players.
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ABSTRACT
Objectives To examine the time course of changes in
wellness and health status markers before and after
episodes of sickness in young soccer players during a
high-altitude training camp (La Paz, 3600 m).
Methods Wellness and fatigue were assessed daily on
awakening using specifically-designed questionnaires and
resting measures of heart rate and heart rate variability.
The rating of perceived exertion and heart rate responses
to a submaximal run (9 km/h) were also collected during
each training session. Players who missed the morning
screening for at least two consecutive days were
considered as sick.
Results Four players met the inclusion criteria. With
the exception of submaximal exercise heart rate, which
showed an almost certain and large increase before the
day of sickness (4%; 90% confidence interval 3 to 6),
there was no clear change in any of the other
psychometric or physiological variables. There was a very
likely moderate increase (79%, 22 to 64) in self-reported
training load the day before the heart rate increase in
sick players (4 of the 4 players, 100%). In contrast,
training load was likely and slightly decreased (−24%,
−78 to −11) in players who also showed an increased
heart rate but remained healthy.
Conclusions A >4% increased heart rate during
submaximal exercise in response to a moderate increase
in perceived training load the previous day may be an
indicator of sickness the next day. All other variables,
that is, resting heart rate, heart rate variability and
psychometric questionnaires may be less powerful at
predicting sickness.


INTRODUCTION
While altitude training camps are often used in
soccer to improve performance at sea level,1 2 their
effect on health and well-being is questionable. At
moderate-to-high altitudes, short episodes of sick-
ness or illness can occur, including acute mountain
sickness (AMS) and non-AMS-related gastrointes-
tinal symptoms.3 These episodes are problematic as
they can potentially negate the expected improve-
ments in exercise performance.4 5 The need there-
fore exists to determine the effectiveness of
monitoring player wellness and health status at alti-
tude using simple methods to help prevent sickness
and/or maintain the training process.
The use of questionnaires to monitor wellness6 7


and health status at altitude8 is common practice.
There is also growing interest for indirect measures
of cardiac autonomic activity such as heart rate vari-
ability9 10 and heart rate responses to submaximal


exercise.11 These measures have been associated with
short-term, training-induced fatigue,7 10 AMS9 11


and physical performance acclimatisation to alti-
tude.12 13 In most studies these variables were only
examined once the participants were diagnosed as
sick. Therefore, whether these markers show specific
patterns before the onset of sickness, and can be used
to predict sickness, is still unknown.
The aim of the study was to examine the time


course of selected psychometric and physiological
markers of wellness and health status before and
after episodes of sickness during a high-altitude
training camp.


METHODS
Study overview
In total, 20 Australian and 19 Bolivian soccer
players participated in the study.14 The complete
study overview has been reported in our compan-
ion papers.12 14 The project was approved by the
Ethics Committees of the Australian Institute of
Sports and of the ‘Instituto Boliviano de Biología
de Altura’, the latter through University Mayor de
San Andres, La Paz, Bolivia. All players, or their
guardians if under 18 years, provided written
consent. As the severity and nature of sickness can
be subjective, a sickness episode was objectively
defined as the inability of a player to attend the
morning screening session for at least two consecu-
tive days. Training load was calculated for all
players as total training duration (minutes)×session
rating of perceived exertion (RPE).15 Resting heart
rate and the SD of the instantaneous beat-to-beat
R–R interval variability measured from Poincaré
plots (LnSD1) were collected daily soon after
waking (except day 7) as the players sat quietly.
These values were calculated using the last 3 min of
a 8 min recording. Additional well-being and
health status measures including RPE and heart rate
(average over the last minute) responses to a 5 min
submaximal run (9 km/h), wellness using a psycho-
metric questionnaire16 and AMS severity (Lake
Louise AMS questionnaire)8 were also collected.


Data analysis
To examine which psychometric and physiological
markers may predict sickness, we analysed the time
course of changes in these variables over the 4 days
before the first day of absence. Because subtle
changes in training load had a very large effect on
these psychometric and physiological variables,7


changes in training load over the 4 days before sick-
ness were also analysed.
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All data in the text and figures are presented as mean change
or difference with 90% confidence limits (CL) and CI, respect-
ively. All data were log-transformed to reduce bias arising from
non-uniformity errors. Standardised differences/changes in all
monitored variables were calculated using pooled between-
subject SD. Threshold values were >0.2 (small), >0.6 (moder-
ate) and >1.2 (large).17 Uncertainty in each effect was expressed
as 90% CL and as probabilities that the true effect was substan-
tially positive or negative. These probabilities were used to
make a qualitative inference about the true effect.17


RESULTS
Four players met the inclusion criteria having missed the morning
screening on two (n=3) or three (n=1) consecutive occasions
(occurring on the 3rd, 5th, 8th and 10th day at altitude).


With the exception of submaximal exercise heart rate, which
showed an almost certain and large increase before the day of
sickness (4%; 3, 6), there was no clear change in any of the


other psychometric and physiological variables (figure 1). After
sickness, resting heart rate (almost certain at day 1), LnSD1
(almost certain at day 1 and likely at day 2), RPE response to
the submaximal run (very likely at day 1) and Lake Louise score
(likely at day 1 and day 2) were moderately to very largely
affected and returned to normal within 2–3 days (figure 1).
There was no clear change in wellness after the sickness
episode.


Changes in daily training loads and exercise heart rate in
players presenting with a >4% increase in submaximal exercise
heart rate, irrespective of sickness status, are shown in figure 2.
There was a very likely moderate increase in perceived training
load (day 3 vs 2) the day before the heart rate increase (day 2 vs 1)
in all players who became sick. In contrast, there was a likely small
decrease in training load in the majority of players who also
showed an increased heart rate but remained healthy (n=23
players, substantially decreased in 15, increased in 7 and no change
in 1).


Figure 1 Individual and mean (±SD) values for the four sick players. Changes in resting heart rate, resting vagal-related heart rate variability
(LnSD1), heart rate response to the 5 min submaximal run, rate of perceived exertion response to the 5 min submaximal run, total wellness and
Lake Louise scores. Symbols indicate clear standardised changes compared with the day before sickness, with *, **, *** and **** standing for
small, moderate, large and very large changes, respectively. Access the article online to view this figure in colour.
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DISCUSSION
Our main findings were (1) submaximal exercise heart rate was
the only variable to show a consistent pattern (very large
increase) before sickness; (2) in all players who became sick, the
elevated heart rate was associated with a moderate increase in
perceived training load the preceding day; (3) when an increased
heart rate was observed following a small decreased training
load, players did not become sick; and (4) after sickness, most
of the moderate to very large changes in psychometric and
physiological measures returned to normal within 2–3 days.


Resting cardiac parasympathetic activity (ie, resting heart rate
and LnSD1) was not affected before sickness. There is conflict-
ing data on the responses of the autonomic nervous system to
sickness at high altitude, with studies reporting either
unaffected18 or increased9 11 markers of (cardiac) sympathetic
activity. Exercise heart rate was largely increased before sickness,
suggestive of an increased sympathetic activity during exercise.11


The explanation why exercise heart rate but not heart rate vari-
ability measures was predictive of sickness is unclear, but the
greater reliability of exercise heart rate (coefficient of variation
319 vs 1220), and sensitivity of both measures to subtle changes
in perceived training load might partly explain these results. In
elite Australian Rules Football players under sickness-free condi-
tions, there was a very large negative relationship between
day-to-day changes in heart rate exercise and training load,
probably as a consequence of exercise-induced changes in
plasma volume.21 In healthy players only, the greater the


decrease in training load the preceding day, the greater the
increase in exercise heart rate.21 In the present study, this rela-
tionship was observed in healthy players only (figure 2). In the
players who became sick, a moderate increase in perceived train-
ing load the previous day was associated with an increase in
heart rate, instead of a decrease (figure 2). In addition to sus-
tained sympathetic activity, this increased heart rate could be
interpreted as an inability to retain fluids (limiting plasma
volume expansion) as a consequence of excessive dehydration.
Taken together, these results confirm the need to consider daily
training loads when interpreting changes in heart rate mea-
sures,7 and that the ‘normal’ relationship may be inverted
before sickness.


Importantly, 35% of the players who presented with the cri-
teria suggested to be predictive symptoms (ie, >4% increased
heart rate in response to a subtle increase in training load the
day before) remained healthy. Additional measures may be
needed to improve the sensitivity and specificity of the diagnosis.
It is also possible that these players also became sick, but not
enough to miss the screening measures. Differences in sickness
severity were unfortunately not monitored, which is a limitation
of our study and requires further research. We nevertheless
believe that adopting a conservative management approach for
athletes during altitude training camps is preferred to help reduce
the likelihood/risk of illness impairing health and training.


Neither wellness nor Lake Louise scores showed consistent
trends before sickness (figure 2). These results are surprising


Figure 2 Mean daily training load
(SD, upper panel) in all players who
demonstrated a >4% increase in heart
rate in response to the standardised
submaximal exercise and became sick
or not. Measures are reported over
4 days. The lower panel shows the
changes in training load and exercise
heart rate from 2 to 1 day prior to
sickness for both groups of players.
Numbers indicate standardised
changes (90% CI) from 3 to 2 (training
load) and 2 to 1 (heart rate) days
before sickness, or difference in the
change in training load between the
two groups. The grey areas represent
trivial between-group differences
(training load) or within-group changes
(heart rate).
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given both the generalised use of the latter questionnaire to
assess AMS, and the moderate correlations between Lake Louise
scores and cardiac autonomic perturbations.9 Since the four
sickness episodes occurred ≥3 days after arrival, and considering
that AMS generally occurs within the first hours after arrival at
altitude, it is possible that players might have missed the screen-
ing for reasons other than AMS (eg, gastrointestinal disorders,
and/or upper respiratory tract infection). Taken together, the
present data confirm that monitoring physiological data may be
more powerful than psychometric indices in predicting changes
in player condition at altitude.12


Finally, the large changes in most of the variables after sick-
ness show that these episodes have a substantial impact on
player condition. On average 2–3 days are required to fully
recover both psychologically and physiologically. Whether phys-
ical performance recovers similarly remains to be investigated,
but the large relationships that some of these markers (ie, exer-
cise heart rate12) share with performance suggest a similar time
course.


CONCLUSION
Pending confirmatory research on a larger group of players, an
increased heart rate during submaximal exercise following a
subtle increase in perceived training load the day before may be
an indicator of increased risk of sickness the next day. All other
variables examined, that is, resting heart rate, heart rate variabil-
ity and psychometric questionnaires were less powerful at pre-
dicting sickness.


What is known on this subject


▸ Living and training at high altitude presents a physiological
challenge for native sea-level athletes; with depressed
immune function, altered autonomic function, acute
mountain sickness and sleep disturbance often reported.


▸ Psychometric and physiological measures, such as
questionnaires or resting heart rate, are used as indicators of
general acclimatisation and tolerance to altitude.


What this study adds


▸ A >4% increased heart rate during submaximal exercise, in
response to a moderate increase in perceived training load the
day before, may be predictive of sickness the following day.


▸ All other variables examined including resting heart rate,
heart rate variability or psychometric questionnaires do not
show consistent changes before sickness.
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ABSTRACT
Objectives To examine with a parallel group study
design the performance and physiological responses to a
14-day off-season ‘live high-train low in the heat’
training camp in elite football players.
Methods Seventeen professional Australian Rules
Football players participated in outdoor football-specific
skills (32±1°C, 11.5 h) and indoor strength (23±1°C,
9.3 h) sessions and slept (12 nights) and cycled indoors
(4.3 h) in either normal air (NORM, n=8) or normobaric
hypoxia (14±1 h/day, FiO2 15.2–14.3%, corresponding to
a simulated altitude of 2500–3000 m, hypoxic (HYP),
n=9). They completed the Yo-Yo Intermittent Recovery
level 2 (Yo-YoIR2) in temperate conditions (23±1°C,
normal air) precamp (Pre) and postcamp (Post). Plasma
volume (PV) and haemoglobin mass (Hbmass) were
measured at similar times and 4 weeks postcamp
(4WPost). Sweat sodium concentration ((Na+)sweat) was
measured Pre and Post during a heat-response test (44°C).
Results Both groups showed very large improvements in
Yo-YoIR2 at Post (+44%; 90% CL 38, 50), with no
between-group differences in the changes (−1%; −9, 9).
Postcamp, large changes in PV (+5.6%; −1.8, 5.6) and
(Na+)sweat (−29%; −37, −19) were observed in both
groups, while Hbmass only moderately increased in HYP
(+2.6%; 0.5, 4.5). At 4WPost, there was a likely slightly
greater increase in Hbmass (+4.6%; 0.0, 9.3) and PV
(+6%; −5, 18, unclear) in HYP than in NORM.
Conclusions The combination of heat and hypoxic
exposure during sleep/training might offer a promising
‘conditioning cocktail’ in team sports.


INTRODUCTION
Along with the technical and tactical aspects of the
game, well-developed physical capacities such as
sprinting speed, acceleration/deceleration, maximal
aerobic power and repeated-sprint performance are
desirable for successful participation in elite level
team sports such as Australian Rules football (AF).1


However, because training schedules are often
crowded in many professional team sports, coaches
often seek training strategies that concurrently
target players’ physical fitness, technical and tactical
skills.2 Additionally, with sports that have inter-
national competition schedules, teams are often
required to play in extreme environments, includ-
ing altitude (eg, 2010 Soccer World Cup in South
Africa)3 and/or high temperatures and humidity
(eg, 2008 Olympics in China).4


For these reasons, the use of hypoxic exposure
including living high-training low model5 or living
high-train low and high, interspersed6 and/or heat
training7–9 has gained popularity. Both these
methods have the potential to (1) improve the


ability to perform at high intensity in the environ-
ment of interest,3 10 (2) elicit physiological adapta-
tions that might translate into increased physical
performance even in ‘normal’ environmental condi-
tions6 7 9 11 and (3) save time for technical training
as many of the purported adaptations are deemed
to occur without altering the tactical contents of
the training sessions (ie, the players get the environ-
mental stimuli during their sleep (sleep high-train
low model (LHTL)5) and/or while simply playing
in the heat.7 8


In team sports, relatively short periods (ie, 1
−2 weeks) of hypoxic or heat exposure/training
may provide effective acclimation strategies prior to
competition3 6 10 12 or during training camps to
acutely improve fitness.6–8 Hypoxic exposure (eg,
sleeping) can result in an increase in red blood cell
volume or haemoglobin mass (Hbmass)


6 13 and
improved exercise economy or buffering capacity;
physical training under hypoxic conditions has
been reported to promote adaptations at the
muscle level.6 14 In contrast, heat acclimatisation
generally increases PV.15 16 Thus, theoretically, it is
possible that combining both stimuli (ie, hypoxic
exposure and training in the heat) would provide
an additional training stress and afford a substantial
improvement in total blood volume and convective
O2 delivery17 and, in turn, high-intensity exercise
performance. However, the potential physiological
and performance responses to a combination of
hypoxic and heat exposure have not been investi-
gated. It is therefore still unknown whether com-
bining hypoxic and heat exposure will have an
additive effect on physical performance.
Nevertheless, with the exception of one study,18


short-term (ie, ≤2 weeks) exposure to hypoxia as
implemented in team sports19 has not been demon-
strated to be sufficient to stimulate erythropoi-
esis.6 13 While these observations may raise
questions over the efficacy of the short-term
hypoxic training camps in endurance athletes,
recent findings still suggest a possible beneficial
effect in team sports athletes, under specific envir-
onmental conditions.19 For instance, the Hbmass


responses to hypoxic exposure being inversely
related to athletes’ baseline Hbmass,


20 21 which is
likely lower in team sport players than in
endurance athletes, a possibly greater (and hence,
substantial) increase in Hbmass could be observed
in this specific population. It has also been
suggested that the short hypoxic exposure time,
which is common to team sport camps, could be
compensated by an increased level of hypoxia
(ie, simulated ≥3000 m,22 which may provide
increased haematological responses). Finally, since
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the heat-acclimatisation effects on performance in team sport
players may occur within a week,7 an ergogenic benefit may be
likely, regardless of the possible hypoxic-related responses.


The aim of the present study was therefore to describe the
haematological and performance adaptations to the combination
of heat and hypoxic exposure in elite AF players over a 2-week
training camp (ie, live high-train high and low in the heat, inter-
spersed model) and their changes during the following month.
It was expected that heat training would lead to a substantial
increase in PV and high-intensity running performance in the
majority of players7; however, the potential benefits of an add-
itional hypoxic stimuli during sleep and some training sessions
on Hbmass and in turn, total blood volume, was difficult to
predict.


METHODS
Participants
Nineteen professional AF players participated in this study,
which was approved by the University of Technology, Sydney
(UTS) Human Research Ethics Committee. All players provided
written informed consent. The final sample of players from
which the data were drawn for analysis is detailed in the results
section. Prior to inclusion into the study, players were examined
carefully by a sports physician and were deemed to be free from
illness/injury. All players lived at low altitude and were not accli-
matised prior to the study. To ensure adequate iron stores for
accelerated erythropoiesis, all players (except for two whose
serum ferritin levels exceeded normal range) were prescribed
with a daily iron supplement (Ferrograd C: containing 325 mg
dried ferrous sulphate, 562.4 mg sodium ascorbate, Abbott
Australia, Botany Bay, Australia) for 2 weeks prior to and
throughout the duration of the 2-week camp.


Experimental overview
A parallel two groups, randomised matched, longitudinal
(pretest, midtest, post-test) design was used. Players between
each group were matched according to their performance (Yo-Yo
Intermittent Recovery test level 2 (Yo-YoIR2)), playing experience
and playing position prior to allocation. The study was con-
ducted immediately following the off-season period (4 weeks
after the end of the previous competitive season) and consisted
of an experimental 2-week training camp (Qatar—October
2011, usual off-season training plus heat (all players) and
hypoxic (some players) exposure) followed by another 1-week
training camp (Abu Dhabi—November 2011, unloaded training
at sea level under temperate environmental conditions for all
players) and then 2 weeks of unsupervised training (Melbourne,
normal environmental conditions; figure 1). The temperature in
Melbourne the week before the camp averaged 15°C (http://
www.wunderground.com/history/airport/YMML/2011/10/17/
WeeklyHistory.html). During the initial 2-week training camp
(Qatar), all players participated in outdoor AF-specific skills and
indoor strength sessions (figure 1). In addition, they slept (12
nights) and cycled indoors (‘interval cycling’ sessions: (10–15
maximal effort repetitions of 15–30 s)×3–5 sets14) in either nor-
moxic air (NORM, n=9) or normobaric hypoxia (FiO2, 15.2–
14.3%, corresponding to a simulated altitude of 2500–3000 m,
HYP, n=10). The second phase of the camp (Abu Dhabi)
included only skills and strength sessions, and all players slept in
normoxia. The unsupervised training period (Melbourne) was
composed of two resistance and three high-intensity running (10
reps of 100–300 m runs at 70–80% of maximal sprinting speed)
sessions each week. Players could drink ad libitum during all
training sessions, and were provided with a post-training


nutrition plan developed by a nutritionist to ensure adequate
fluid and nutrient intake between the sessions.


To examine the effect of the off-season training camp on
high-intensity intermittent running performance in temperate
conditions, players performed the Yo-YoIR223 on an indoor field
in the morning at the start (precamp (Pre), day 1), mid-camp
(mid-camp (Mid), day 7), at the end (postcamp (Post), day 14)
and 4 weeks after the start of the camp (4WPost, day 40;
figure 1). The test was preceded by a standardised 5 min sub-
maximal run on the indoor field, where heart rate (HR—Polar
Team 2.1.4.1, Polar Electro Oy, Kempele, Finland) was moni-
tored to assess submaximal running performance (submax
HR).24 HR was also monitored during the Yo-YoIR2. To assess
the heat acclimation responses to the off-season training camp,
players performed a heat response test in the afternoon at the
beginning (day 1) and at the end (day 14) of the camp
(figure 1). Jumping performance was assessed Pre and Post.
Haemoglobin mass (Hbmass) and blood volume (BV) were mea-
sured at Pre, Post and 4WPost. Finally, training load was esti-
mated for all players as follows: training duration×session
rating of perceived exertion (RPE).25


Heat exposure
Players were exposed to heat when walking from/to the training
facilities (∼15 min), during all skill sessions and outdoor recre-
ation time. Exposure time was carefully recorded (±1 min), and
temperature and relative humidity (RH) were measured at the
start of each training session with a Kestrel 4500 Pocket
Weather Tracker (Nielsen-Kellerman, Boothwyn, Pennsylvania,
USA). Skills sessions were performed on a natural grass training
pitch (ie, 120×150 m).


Hypoxic exposure
The training, sleeping and recreational hypoxic facilities were
normobaric rooms with O2 filtration (CAT system, Colorado
Altitude Training, Louisville, Colorado, USA). Three days prior
to the study start, all hypoxic rooms were calibrated by qualified
engineers. During the Qatar camp, players were blinded towards
the environmental condition to which they were exposed (both
for sleeping and training times). However, they were informed
about the treatment they received after the last testing session at
the Qatar camp based on the coaches’ decision for motivational
purposes. During sleeping/day times, players in the HYP group
were exposed to a normobaric hypoxia equivalent to 2500 m
(FiO2 15.2%) for the first 2 days/nights of the intervention
period. Thereafter, the O2 fraction was decreased to the equiva-
lent of 2800 m (FiO2 14.6%, 2 nights) and 3000 m (FiO2


14.3%, rest of the camp). Participants were confined to their
rooms from 16:00 to 19:00, 20:00 to 06:00 and 08:00 to
10:00 during these 2 weeks. However, they were encouraged to
spend more time in their rooms if desired (but this was not
recorded). During all cycling sessions, the HYP group was
exposed to normobaric hypoxia equivalent to 2800 m. Owing
to logistic constrains, SaO2 was not measured.


High-intensity intermittent running performance
The Yo-YoIR2 test23 was used to assess high-intensity intermit-
tent running performance. All players were familiar with this
test, as it was part of the regular fitness testing battery imple-
mented by the club. Briefly, the Yo-YoIR2 consists of repeating
20 m shuttle runs at increasing speeds (starting at 13 km/h) with
10 s of active recovery (consisting of 5 m of jogging) between
runs until exhaustion. The highest HR reached during Yo-YoIR2
(5 s average) at Pre was retained as maximal HR (HRmax).
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Submaximal running test
The 5 min running test was performed indoors under controlled
environmental conditions before the Yo-YoIR2 during the
experimental camp. For convenience, all players were tested
together with the intensity of the 5 min submaximal exercise
bout fixed at 13 km/h over 40 m shuttles (adapted from ref. 24).
Mean HR during the last 30 s of the 5 min exercise period was
calculated and termed exercise HR (HRex). The coefficient of
variation (CV) for day-to-day variations in HRex is 3.4%.24


Heat-response test
Pre and Post heat-response tests were performed at the same
time-of-day.8 Players rested in a seated position for 30 min
before the test (laboratory temperature ∼21°C) during which
time they were instrumented. Thereafter, they entered the
climate chamber (44°C, 44% RH; Tescor, Warminster,
Pennsylvania, USA) to perform 24 min of walking at 5 km/h
(1.39 m/s, 1% grade) on a treadmill (Cosmed T170, Rome,
Italy), followed by 24 min of seated rest. No fluids were con-
sumed during the test. HR was also continuously recorded
(Polar Team2 1.4.1, Polar Electro Oy, Kempele, Finland). Sweat
loss was calculated as the difference in pretest and post-test
body mass as measured using a calibrated electronic scale
(weighed in underwear, body dried; Seca, Germany). Sweat
samples were collected for the duration of the test through an
absorbent pad with protective dressing (Tegaderm+Pad, 3M
Health Care, Borken, Germany) positioned on the back (at the
level of the right shoulder) of the participant. The skin was
cleaned with deionised water prior to application of the pad.
Samples were analysed for sodium concentration ([Na+]sweat;
Dimension Xp and Plus, Siemens, Munich, Germany).


Jumping performance
Countermovement jumps (CMJ) were used to estimate explosive
strength. The players had been familiarised with this test prior to
the study. Prior to testing the players performed a standardised
dynamic warm up followed by three submaximal practice jumps.
The players then performed three maximal CMJs, with a 2 min
rest between each. All CMJ’s were performed with hands held
firmly on the hips and participants were instructed to jump as
high as possible. The jumps were performed with a self-selected
countermovement depth and the jump with the highest score was
used for further analysis. All CMJ’s were performed on a com-
mercially available force plate (400 Series Performance Plate—
Fitness Technology, Adelaide, Australia) connected to a computer
running software (Ballistic Measurement System—Fitness
Technology, Adelaide, Australia) that recorded vertical ground
reaction forces at a rate of 200 Hz. Jump height (cm) was calcu-
lated using custom-designed software (Mathworks, Natick,
Massachusetts, USA).


Haematological measures
Transferrin and ferritin were measured prior to the camp using
the Siemens Advia System (Siemens Ltd, Bayswater, Australia) in
a commercial ISO accredited pathology laboratory (Healthscope
Ltd, Clayton, Victoria, Australia). Serum iron levels were deter-
mined using ferrozine complex spectrophotometry (Siemens
Advia 2400, Siemens Ltd, Erlangen, Germany). Ferritin levels
were determined using chemiluminescent immunoassay
(Siemens Advia Centaur XP, Siemens Ltd, Erlangen, Germany).
Other haematological variables were collected using the same
technique and similar equipment in Australia and Qatar.
However, to ensure accurate comparisons, data were only


Figure 1 Study overview. Experimental schedule, training load and contents during the experimental camp (Camp) and the following weeks in
players in the hypoxic (HYP) and normoxic (NORM) groups. T: travel. (1)Except for walking and skill sessions, which were performed in the heat for
both groups (32±1°C), all training contents were performed under temperate environmental conditions (22±1°C). (2)Except for the cycling sessions,
which were performed in normobaric hypoxia for the HYP group (equivalent to 2800 m), all training contents were performed in normoxia. In
addition, players in HYP slept and had their social time in hypoxia (equivalent to 2500–3000 m). Haemoglobin mass (Hbmass) and blood volume
(BV) were measured in Australia (AU) before and after the trip, and in Qatar (QA) at the start and end of the Camp with similar methods and
materials (see methods). Blood: refers to haematological measures such as haematocrit levels and iron status. Yo-Yo IR2: Yo-Yo Intermittent recovery
test level 2; CMJ: counter movement jump, 5 min: submaximal running test. There was no clear difference in training load between the two groups
(see Results section).
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compared from within the same laboratory (ie, Australia versus
Australia and Qatar versus Qatar). Both measures were consid-
ered as baseline values, and data postcamp (Qatar) and 4 weeks
later (Australia) were therefore expressed as relative changes
from their original baseline. Hbmass was assessed using the opti-
mised carbon monoxide (CO) rebreathing procedure first
described by Schmidt and Prommer.26 This comprised inspir-
ation of a bolus of 99.5% pure CO (BOC Gases, Sydney,
Australia) in a dose of 1 mL/kg of body mass that was
rebreathed for 2 min. A CO sensor (Draeger PAC7000, Draeger,
Luebeck, Germany) was held in proximity to the mouth
throughout the test to check for leaks. Fingertip capillary blood
samples (200 μL) were analysed in triplicate for per cent carb-
oxyhaemoglobin (%HbCO) using a spectrophotometer (ABL80
Hemoximeter, Radiometer, Denmark) before as well as 7 min
after starting rebreathing. The CO rebreathing procedure pro-
vides an accurate and reliable method of measuring Hbmass with
a low typical error of ∼2% in our laboratory (ie, 1.7% (90% CI
1.2% to 3.2%). From the Hbmass we calculated BV, red blood
cell volume (RCV) and PV according to the following formulas.
Haemoglobin concentration (Hb) and haematocrit (Hct) were
determined from venous blood samples (Sysmex Corp, Kobe,
Japan).


BV(mL) ¼ (Hbmass(g)=Hb(g=dL))�100


RCV(mL) ¼ BV (mL)�(Hct=100)


PV (mL) ¼ BV�RCV


Statistical analyses
Data are presented as means (±SD) and correlations as means
(90% confidence limits, CL). All data were log-transformed for
analysis to reduce bias arising from non-uniformity error and
then analysed for practical significance using magnitude-based
inferences.27 We used this qualitative approach because trad-
itional statistical approaches often do not indicate the magnitude
of an effect, which is typically more relevant to athletic per-
formance than any statistically significant effect. The chances
that the changes in performance or physiological variables were
greater for a group or a time point (ie, greater than the smallest
worthwhile change, SWC (0.2 multiplied by the between-subject
standard deviation, based on Cohen’s d principle)), similar or
smaller than the other group or another time point were calcu-
lated. Quantitative chances of greater or smaller changes in per-
formance or physiological variable were assessed qualitatively as
follows: >25–75%, possible; >75–95%, likely; >95–99%, very
likely; >99%, almost certain. If the chance of having beneficial/
better or detrimental/poorer performances were both >5%, the
true difference was assessed as unclear. Since changes in high-
intensity running performance might be influenced by baseline
training status, changes in Yo-YoIR2 were systematically adjusted
for baseline Yo-YoIR2 performance. In a separate analysis,
changes in Yo-YoIR2 were also adjusted for changes in CMJ per-
formance (which is likely important for high-intensity running
performance including changes of direction). Pearson’s product–
moment correlation analysis was also used to investigate the
association between all variables. The following criteria were
adopted to interpret the magnitude of the correlation (r)
between the different measures: ≤0.1, trivial; 0.1–0.3, small; >
0.3–0.5, moderate; > 0.5–0.7, large; > 0.7–0.9, very large and
>0.9–1.0, almost perfect. If the 90% CL overlapped positive
and negative values, the magnitude were deemed unclear; other-
wise that magnitude was deemed to be the observed


magnitude.27 Finally, individual responses to the intervention
were calculated from the square root of the variance in the dif-
ferences in the change scores in the HYP and NORM groups.27


A positive value represents greater individual responses to the
HYP treatment. A negative value indicates more within-subject
variation in the NORM group than in the HYP group.


RESULTS
Participants
Two players missed at least one training/testing session and were
excluded from the final analysis. Therefore, 17 players (n=8
and 9 for NORM and HYP, respectively) were considered for
analysis. There was no clear difference at baseline (ie, Pre)
between the two groups for any anthropometric and perform-
ance measures (table 1).


Training load
During the camp, players participated in 10 outdoor AF-specific
skills (32±1°C (range 33−29°C), 39±5% RH (range 37−50%),
total exposure time=11.5 h), 7 ‘interval cycling’ sessions (22
±1°C, 58±2% RH, total=4.3 h) and 8 indoor strength (23±1°
C, 57±2% RH, total=9.3 h) sessions. Additionally, all players
received a total of 15 h of incidental heat exposure (7.5 h/week,
walking from/to the training pitch and sightseeing). For HYP,
total hypoxic exposure (sleep+cycling sessions) was 14±1 h/
day. The unloaded training week included four skills (≈29°C,
≈55% RH) and seven strength (indoor) sessions for a total of
10.5 h for all players. During the unsupervised period all
players reported that they completed each prescribed training
session. As illustrated in figure 1, there was no clear difference
in total training load between both groups during the experi-
mental camp (9786±286 vs 9904±200 training units for HYP
versus NORM, respectively, −1%, 90% CL (−3;1), ES=−0.45
90% CL (−1.25;0.35) and chances for greater/similar/lower
values of 9/21/71) and the following week (3859±879 vs 4323
±835 training units for HYP versus NORM, receptively, −11%
(−27;8), ES=−0.49 (−1.30;0.31), 8/19/73).


Changes in performance measures
Both groups showed very large and almost certain improvement
in Yo-YoIR2 at Mid (+25% (20;30), ES=+1.4, 100/0/0) and at
Post (+44% (38;50), ES=+2.3, 100/0/0; figure 2), with unclear
between-group differences in the changes (eg, Δ Pre vs Post:
−1%(−9;9), 21/52/27 for HYP vs NORM, figure 3). At 4WPost
however, there was a possible better maintenance of Yo-YoIR2
performance in HYP compared with NORM (+6%(−2;15), 67/
31/2; figure 3). Individual responses for Yo-YoIR2 performance
were ∼ +7% and −5% at Post and 4WPost, ∼1/6 of the mean
change in both groups. Individual responses from Post to
4WPost were ∼+2%, approximately 1/3 of the mean change in
the NORM group.


At Post, there was a possibly greater improvement in jumping
height for HYP compared with NORM (+5%(−1;10), 83/13/3
for HYP vs NORM; figure 3). The between-group difference in
the change in jumping height at 4WPost was unclear (+2%
(−7;12), 54/22/24 for HYP vs NORM). Individual responses
were 2% greater for the NORM group at Post, ∼1/2 the mean
change in the NORM group. Individual responses from Post to
4WPost were ∼−5%, approximately twice the mean change in
the NORM group.


When changes in Yo-YoIR2 were adjusted for changes in
CMJ, the main results were unchanged at Post (changes in HYP
vs NORM, adjusted ES=−0.3(−0.9;0.4), unclear). At 4WPost,
the maintenance of Yo-YoIR2 performance was more apparent
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when adjusted for changes in CMJ: changes in HYP versus
NORM, adjusted change=+11% (1;21), adjusted ES=+0.5
(0.1;1.0), 88/11/1 rated as likely (as compared with ‘possibly’
without adjustment, see above).


HRex decreased almost certainly and very largely at Mid
(ES=−5.5(−7.0;−3.9) and −1.90(−2.5;−1.4) for NORM and
HYP, respectively), and further decreased almost certainly at
Post (ES=−1.7(−2.6;−0.9) and −1.0(−1.5;−0.5) versus Mid for
NORM and HYP, respectively). There was however no clear
between-group difference in the changes, either at Mid or Post
(figure 3). Individual responses for HRex were ∼−2% at Post,
∼1/4 the mean change in both the groups.


Heat response test
Both groups showed a large decrease in average HR during the
heat response test after the camp (109±6 vs 99±7 bpm for Pre
versus Post, respectively; −10% (−12;−2), ES=−0.9, 100/0/0),
with unclear between-group differences in the changes (eg, Δ
Pre vs Post: +4.0% (−2.2;10.6), 75/15/10 for HYP vs NORM;
figure 3). Individual responses were ∼5% greater for the
NORM group at Post, ∼1/2 the mean change in HR in the
NORM groups.


Similarly, both groups showed a large decrease in [Na+]sweat
Post (79.4±23.1 vs 57.9±20.2 mmol/L for Pre vs Post, respect-
ively; −29% (−37;−19), ES=−1.0, 100/0/0), with unclear
between-group differences in the changes (eg, Δ Pre vs Post:
+18% (−12;58), 69/28/8 for HYP vs NORM; figure 3).
Individual responses for [Na+]sweat were ∼28% greater for the
NORM group at post, and corresponded to ∼2/3 of the mean
change in [Na+]sweat in both groups.


However, there was no clear Post difference in sweat loss
compared with Pre (0.66±0.02 vs 0.69±0.02 L for Pre vs Post,
respectively; −1.5% (−16;−15), ES=−0.0, 24/44/33), with
unclear between-group differences in the changes (eg, Δ Pre vs
Post: +5.3%(−23;43), 50/22/28 for HYP vs NORM; figure 3).
Individual responses for sweat loss were ∼38% greater for the


HYP group at Post, and corresponded to eight times that of the
mean change in sweat loss in both groups.


Changes in haematological variables
Both groups showed a likely (HYP, ES=+0.5 (−0.1;1.1), 79/17/
4) and very likely (NORM, ES=+0.8 (0.3;1.2), 97/3/0) increase
in PV at Post (figure 4), with unclear between-group difference
in the change (figure 3). At 4WPost however, PV was very likely
further increased in HYP (ES=+2.2 (0.4; 3.9) vs Pre, 96/2/2),
while it tended to return to baseline in NORM (ES=+0.4
(−1.5; 2.4) vs Pre, 58/13/28; figure 4). The increase in PV in
HYP was however not clearly greater than in NORM at 4WPost
(+6% (−5;18); figure 3). Individual responses for PV were
∼1% and ∼10% greater for NORM than for HYP at Post and
4WPost, respectively, which corresponded to ∼¼ and ∼1.2 the
mean change in the HYP group at the same time points.


Hbmass did not change in NORM (figure 4, all changes rated
as unclear). Conversely in HYP, Hbmass was likely (ES=+0.3
(0.6;0.5), 77/23/0) and very likely (ES=+0.7 (0.3;1.1), 97/3/0)
increased at Post and 4WPost, respectively (figure 4). Therefore,
there was a likely greater increase in HYP than in NORM both
at Post and 4WPost (eg, +4.6% (0.0;9.3) at 4WPost, 86/12/2;
figure 3). Individual responses for Hbmass were ∼2.5% greater
for the HYP group both at Post and 4WPost, ∼1/2 of the mean
change in the HYP group at the same time points.


Regarding BV, both groups showed a likely (HYP, ES=+0.5
(0.0;1.0), 88/11/1) and very likely (NORM, ES=+0.8(0.3;1.3),
97/3/0) increase at Post (figure 4), with unclear between-group
difference in the change (figure 3). At 4WPost however, BV was
very likely further increased in HYP (ES=+1.3 (0.5;2.1) vs Pre,
98/1/0), while it tended to return to baseline in NORM (ES=
+0.3 (−0.9;1.6) vs Pre, 55/24/21; figure 4). There was a likely
greater BV increase in HYP than in NORM at 4WPost (+5%
(−3;14); figure 3). Individual responses for BV were ∼+3 and
−7% at Post and 4WPost, ∼1/2 the mean change in the HYP
group.


Table 1 Subjects characteristics at baseline


NORM HYP Standardised difference
Chances for greater/similar/lower values
for HYP compared with NORM


N 8 9
Age (year) 21.5±1.7 22.0±2.2 +0.2 (−0.6;1.0) 53/29/18—Unclear
Height (cm) 190.7±5.9 189.5±7.1 −0.2 (−1.0;0.6) 21/31/48—Unclear
Body weight (kg) 88.6±7.9 90.6±9.6 +0.2 (−0.6;1.0) 50/30/20—Unclear
Yo-YoIR2 (m) 705±105 711±109 0.0 (−0.8;0.9) 37/33/30—Unclear
CMJ (cm) 50±5 47±3 −0.5 (−1.4;0.4) 8/18/74—Unclear
HRex (% HRmax) 91±1 92±2 +0.1 (−0.7;0.9) 42/33/25—Unclear
Htc (%) 42.9±2.4 43.7±2.8 +0.3 (−0.5;1.0) 57/27/15—Unclear
Hb (g/dL) 15.0±1.0 15.3±0.7 +0.4 (−0.4;1.2) 67/22/10—Unclear
Hbmass (g) 985±56 1032±137 +0.4 (−0.4;1.2) 65/24/11—Unclear
Hbmass (g/kg) 11.2±0.5 11.4±0.7 +0.3 (−0.5;1.1) 59/27/14—Unclear
PV (mL) 4443±601 4461±588 0.0 (−0.8;0.9) 36/33/31—Unclear
PV (mL/kg) 50.1±4.3 49.2±3.2 −0.2 (−1.0;0.6) 21/30/50—Unclear
RCV (mL) 2833±176 2947±457 +0.3 (−0.5;1.1) 57/28/15—Unclear
RCV (mL/kg) 32.0±1.6 32.5±3.1 +0.2 (−0.6;1.0) 47/31/21—Unclear
BV (mL) 7267±762 7409±972 +0.1 (−0.7;0.9) 45/32/24—Unclear
BV (mL/kg) 82.0±5.0 81.7±4.8 −0.1 (−0.9;0.8) 29/33/38—Unclear
Transferrin 2.6±0.3 2.8±0.3 0.6 (−0.3;1.4) 78/15/6—Unclear
Ferritin 114.3±51.4 103.1±30.6 −0.1 (−1.0;0.7) 24/31/45—Unclear


Mean values (SD) for the final sample size of players allocated in either the NORM and HYP group during the initial camp.
BV, blood volume; CMJ, counter movement jump; Hb, haemoglobin; Hbmass, Hb mass; HRex, heart rate during the submaximal run; Htc, haematocrit; HYP, hypoxic; NORM, normoxic;
PV, plasma volume; RCV, red cell volume; Yo-YoIR2, Yo-Yo intermittent recovery level 2.
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Relationships between variables
There was no clear correlation between changes in Yo-YoIR2
performance and either PV, Hbmass or BV (figure 5). There was
no clear relationship between changes in Hbmass and baseline
measures.


DISCUSSION
This study is the first to describe the performance and haemato-
logical adaptations to a combination of heat and hypoxic


exposure in professional AF players in an applied training
setting. Results showed that (1) large increases in BV and high-
intensity intermittent running performance can be observed
after 7 days of training (ie, Mid) involving only four skill-based
training sessions in the heat, with additional hypoxic exposure
providing no additive effect; (2) in this population, the addition
of hypoxic exposure during sleep time and some training ses-
sions for a total of 170 h was enough to stimulate erythropoi-
esis, as shown by moderate-to-large increases in Hbmass (and
hence, BV) both immediately and 4 weeks following the camp.


Immediate physiological and performance effects of the live
high-train high and low in the heat model
Immediately after the camp, we observed large increases in PV
(+5.6%) and decreases in sweat sodium concentration (−29%)
and HR (−10%) during the heat-response test, with no
between-group difference in the change (figure 4). While a
control group training indoor under normal environmental con-
ditions is required to demonstrate the effect of heat training per
se, the changes in these later measures were well above the smal-
lest worthwhile change (SWC). This suggests that these changes
were meaningful,27 and that players showed clear signs of (at
least) partial heat acclimatisation.15 28 However, additional mea-
sures such as core temperature or sweat loss during the heat-
tolerance test8 would be required to appropriately assess the
magnitude of heat acclimatisation achieved. The lack of
between-group differences in these acclimatisation-related mea-
sures was nevertheless expected, since both groups received the
same amount of heat exposure throughout the camp. However,
individual acclimatisation responses were substantial (ie,
two-third of the mean change in [Na+]sweat in both groups).
Methods for identifying athletes who are likely to gain substan-
tial acclimatisation effects and how these responses can be opti-
mised has yet to be elucidated.8


At the end of the camp, there was an early and likely 3%
increase in Hbmass in the HYP group, while it did not change in
the NORM group (difference in the changes=+3.2% (0.8;5.7)
for HYP vs NORM). These differences in the changes were well
above both the SWC27 and the typical error of measurement in
our laboratories (<2%), within the range of usual random varia-
tions in athletes (ie, ≤3%29 30), and similar to changes observed
recently in a similar population (but following a 19-day altitude
training camp).12 To our knowledge, this study is the first to
show the Hbmass responses to a combined heat+hypoxic training
camp in elite team sport athletes and this is the first time that
such a substantial increase in Hbmass is reported after such a short
period of time, that is, after 170 h (12×14 h/night–day). Our
present data also confirm that increases in Hbmass are unlikely
linear and that prolonged hypoxic exposure might not be requis-
ite to gain large increases in Hbmass.


22 31–33 For instance, while it
is generally recommended to spend at least 14–22 h/day for
more than 3–4 weeks at altitude6 34 or to accumulate at least
300 h32), early erythropoiesis may occur within 14 days (with
1431 to 16 h33 of exposure per day) or 21 days (with 10 h of
exposure per day22) of LHTL. Factors including athletes’ baseline
training status, baseline Hbmass


20 21 and the severity of simulated
exposure22 might explain the present large erythropoietic
responses observed and the possible dissimilarities with previous
studies. In the current study, most players started the camp with a
relatively poor training status compared with their usual fitness
levels and had never previously been exposed to hypoxic envir-
onments for long periods. While ≈200 h of hypoxic exposure
failed to improve Hbmass in elite Nordic skiers (likely
hypoxia-acclimatised and already possessing high Hbmass


Figure 2 Performance responses to the camp. Mean (SD) values
(upper panel) and individual relative changes (middle and lower panel)
in Yo-YoIR2 during the camp and the following 4 weeks in players
belonging to the normoxic (NORM) or hypoxic exposure (HYP) groups.
***, Almost certain within-group difference versus Pre (ie, day 0).
†, Likely within-group difference versus Post (ie, day 13). #, Possible
between-group difference in the change (4WPost vs Post). The grey
horizontal area represents the typical error of measurement of the test
(ie, 10%23).
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values),35 a similar ‘hypoxic dose’ lead to a 8.5% increase in
Hbmass in highly-trained, non-hypoxia-acclimatised, swimmers.18


In these lines, a very large and negative correlation has been
shown between Hbmass response to hypoxic exposure and base-
line Hbmass.


21 The football players in the current study presented
low baseline Hbmass values (11 g/kg) compared with elite endur-
ance athletes (>14 g/kg), which lends support to this latter
hypothesis. Importantly, in the present study, since there was no
change in Hbmass in the NORM group at the end of the camp
(despite similar training load than HYP; figure 4), a
training-induced increase in Hbmass


30 was unlikely.
In the present study, both groups showed very large and


almost certain improvement in Yo-YoIR2 at Mid (+25%, ES=
+1.4) and Post (+44%, ES=+2.3; figure 2), with no difference
between the groups, neither with respect to overall performance
changes (figure 3), nor individual responses (ie, ∼1/6th of the
mean response). Similarly in both groups, there were very large
decreases in submaximal HR (figure 3). While we cannot dis-
count the effects of jet lag/travel fatigue on baseline measures,


and a subsequent overestimation of the training camp-induced
changes,36 this was likely similar for both groups and the
between-group comparisons were unlikely affected. It is also
worth noting that the magnitudes of the changes in Yo-YoIR2
performance and HRex were substantially greater than both the
SWC27 and the day-to-day variability for both the Yo-YoIR2 (ie,
10%23 and submaximal HR (ie, 3%24). These changes in
running performance were also very large compared with what
is generally reported within such a limited period of time (ie,
14–52% are generally observed after training periods lasting at
least 6−8 weeks23). Additionally, while acknowledging that only
regular testing sessions (eg, every second week) would allow
definitive conclusions on the exact time course of adaptation,
the changes in YoYoIR2 performance following the present
training camp was similar to that generally observed after
3 months of training in this group of AF players (unpublished
club historical data). Changes in HRex (−8%) were also clearly
greater than the SWC27 and those reported in highly trained
young handball players following a 2-month high-intensity


Figure 3 Comparison of the performance and physiological responses to both interventions. Differences in the changes in Yo-Yo distance
(Yo-YoIR2), counter movement jump (CMJ), submaximal heart rate during the 5 min run in normoxic conditions (HRex), average heart rate, sweat
loss and sweat sodium concentration ([Na+]sweat) during the heat response test, plasma volume (PV), haemoglobin mass (Hbmass) and blood volume
(BV) for hypoxic (HYP) versus normoxic (NORM) group. The shaded area represents trivial differences in the changes (see Methods section).
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training intervention (a total of 16 sessions), which resulted
only in a 5% decrease in HRex.37 Finally, the present data are
consistent with recent studies that showed substantial improve-
ment in either high-intensity cycling (ES=+0.3 for work on a
60 min time trial11), submaximal (ES=−0.9 for HRex in well-
trained soccer players7), swimming (ES ∼ −0.8 for 400 m free-
style time9) and high-intensity intermittent running performance
(ES=+0.4 for Yo-YoIR Level 1 in well-trained soccer players7)
in temperate conditions following short-term heat training pro-
grammes (ie, 5,7 89 and 1011 days). The likely greater changes
in performance in the present study compared with the previous
soccer study7 (as inferred from ES values) might be due to the
present study being performed immediately following the off-
season period (ie, 4 weeks following the previous competitive
season, and not in-season as has previously been described7).


Moreover, in addition to the skills training sessions, the players
in the present study also performed strength and cycling interval
sessions (figure 1), which may have accelerated the performance
adaptations independently of heat exposure.38 The greater
increase in jumping performance in the HYP group (figure 3)
was unexpected given the similar strength training programmes
for both groups (figure 1). Importantly for the present study,
however, adjusting the changes in Yo-YoIR2 performance for
jumping performance did not modify the interpretations of the
findings. This suggests that the differences in neuromuscular
function between the two groups did not directly influence the
changes in high-intensity running performance. Present data
confirm therefore that within no more than a week of training
in hot temperatures (32±1°C (range 33−29°C), 39±5% RH
(range 37−50%)) for only 11.5 h, irrespective of the hypoxic


Figure 4 Hematological responses to the camp. Individual and average (SD) relative changes in plasma volume (PV), haemoglobin mass (Hbmass) and
blood volume (BV) during the camp and the following 4 weeks in players belonging to the normoxic (NORM) or hypoxic exposure (HYP) groups. *,
Likely within-group difference versus Pre (ie, day 0). **, Very likely within-group difference versus Pre (ie, day 0). ##, Likely between-group difference in
the change. The dashed horizontal lines represent the typical error of measurement in our laboratory (ie, ∼2% for Hbmass and 5% for PV and BV). Note
that the values were doubled checked for the outlier for PV-BV in the NORM group (30–25% increase), so that it was not removed. However, if this
individual was removed, the differences between the groups would be greater, which suggest that the already substantial between-group differences
are unlikely the consequence of this extreme value.
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stimulus, there were substantial ergogenic benefits for team
sport players when tested in temperate conditions.7


The observation that there was no clear additional perform-
ance benefits for the HYP group is an important finding of the
present study, and is consistent with the concept that a minimal
‘hypoxic dose’ has to be prescribed to observe meaningful
changes in physical performance (ie, generally more than 3
−4 weeks34 or a total of ≈300 h32). We also suggest that in


comparison with the heat acclimatisation-induced effects, the 3%
increase in Hbmass in the HYP group was too small to substan-
tially alter more both maximal oxygen uptake and high-intensity
running performance.39 This conclusion is further reinforced by
the blinding of the players toward the intervention (ie, for sleep-
ing and cycle interval training), so that a placebo effect during
the post-tests was unlikely in the HYP group.40 41 The mechan-
isms by which high-intensity running capacity was improved fol-
lowing the camp however remains unclear with present
measures, since we did not observe any significant association
between the changes in either PV, BVor Hbmass and Yo-YoIR2 per-
formance (figure 5). It is therefore possible that other mechan-
isms (not measured here) may also explain the performance
benefits of heat acclimatisation. While the present results are of
great relevance for many team sport athletes since such hot envir-
onmental conditions can be found in most countries during the
spring/summer periods, they also provide new information in
that additional hypoxic exposure had no acute benefit on either
submaximal HR response or high-intensity running performance
within such a short period (ie, <2 weeks). Despite the likely
beneficial physiological adaptations observed (ie, increased
Hbmass), present results directly question the efficacy of using
hypoxic exposure for obtaining short-term performance benefits
in team sport athletes (eg, preparation for competition at sea
level). The data detailed below however suggests that hypoxic
exposure might augment chronic training effects.


Delayed effects of the live high-train high and low in the
heat model
Twenty-six days (∼4 weeks) following the camp, we observed
moderate-to-large increases in Hbmass and BV in the HYP group,
while all blood variables were back to baseline values in NORM
(figure 4). The very likely 6% increase in Hbmass 4 weeks after
the camp (figure 4) was well above both the SWC and the
typical error of measurement in our laboratories (<2%), and
within the range of usual random variations in athletes (ie,
≤3%29 30). Additionally, this 6% increase was similar to the
≈5% increase generally reported following either classic altitude
or live high-train low (LHTL) programmes.6 34 42 The present
study is the first to show the time course of Hbmass responses
following a combined heat+hypoxic training camp in team
sport athletes. In addition, the observation of greater Hbmass


values 4WPost (figure 4) is a unique observation, irrespective of
the hypoxic stimulus and/or athletes considered. It should be
acknowledged that the lack of a clear control of training load
during the postcamp period is a limitation of the present study.
However, the players from both groups, as professional team
sport athletes, reported good adherence to the unsupervised
training period and, as such, no between-group differences in
training loads were apparent. Additionally, the magnitude of the
observed increase in Hbmass in the HYP group (ie, 3% in
4 weeks) was likely greater than any possible between-group dif-
ference in the training effect on Hbmass (a 1% change in Hbmass


for a 10% difference in training load30), and there were no sub-
stantial changes in Hbmass in the NORM group. Taken together,
these data suggest that the observed Hbmass increase in the HYP
group might be related to a delayed erythropoiesis consecutive
to the first camp, which might have been potentiated with the
initial heat exposure. The prolonged Hbmass increase following
the camp is particularly surprising given the reduced training
load during the postcamp period (figure 1), which may be
expected to be associated with a slightly decreased Hbmass.


30


Data on Hbmass changes following hypoxic exposure differ, with
authors reporting either a further increase that may last a


Figure 5 Associations between variables. Relationships between
changes in Yo-Yo intermittent recovery level 2 (Yo-YoIR2) performance
and changes in plasma volume (PV, upper panel), haemoglobin mass
(Hbmass, middle panel) and blood volume (BV, lower panel) in players
belonging to the normoxic (NORM) or hypoxic exposure (HYP) groups.
There was also no clear correlation when considering within-group
data.
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week,31 43 or an immediate decrease32 leading to prealtitude
values within 4−6 weeks.43 44 Irrespective of the possible
reasons for these changes in Hbmass, the higher values 4WPost
in the HYP group likely explains the maintenance of blood
volume (with respect to haemoconcentration normalisation),
despite the absence of heat exposure during this period (figure
4). The present observations also confirm that physiological
responses to hypoxic exposure45 are highly individual and likely
dependent on the individual psychophysiological characteristics
of each athlete (ie, the individual responses in both Hbmass and
BV were ∼1/2 of the mean change in the HYP groups). The
present results also show that in an applied setting with elite
team sport players, the long-term physiological effects of a short
training block in the heat may be limited. Indeed, in comparison
with the end of the heat exposure period, PV decreased in the
NORM group 4WPost (figure 4). While PV increased further in
the HYP group 4WPost, this increase was relatively (ie, com-
pared with changes in the NORM group) lower than that for
BV. The increased PV was therefore more likely related to the
increase in Hbmass and compensatory fluid adjustments aimed at
regulating blood hemoconcentration rather than heat-induced
mechanisms. It is in fact possible that the performance benefits
dissipate as acclimatisation-induced mechanisms normalise.
Although such information is limited for heat exposure in elite
team sport players, the characteristic adaptations to heat have
been shown to return to normal values ∼3 weeks following ces-
sation of acclimation exposure.46


In parallel to these hematological changes 4WPost, there was a
possible trend for a better maintenance of Yo-YoIR2 performance
in the HYP compared with NORM group (figures 2 and 3).
Despite large interindividual variations in changes in Yo-YoIR2
performance (figure 2, the SD for 4WPost-Post changes were
32% and 11% for NORM and HYP group, respectively), and the
unsupervised training during the postcamps phase, these results
are in accordance with empirical observations showing that
enhanced physical performances generally occur 2−4 weeks fol-
lowing hypoxic exposure.6 While it could be intuitive that the
observed changes in BV provided an ergogenic benefit17 and con-
tributed to the better maintenance of Yo-YoIR2 performance in
HYP compared with NORM group, there was no direct associ-
ation between these variables (figure 5), suggesting that other
mechanisms (not measured here) may also explain the delayed
performance benefits of the hypoxic exposure.33 47 For example,
the multifactorial cascade of responses induced by hypoxia
including angiogenesis, glucose transport, glycolysis and pH
regulation, may partially explain improved high-intensity endur-
ance performance independent of a greater Hbmass.


47 Specific
beneficial non-hematological factors also include improved
muscle efficiency probably at a mitochondrial level, greater
muscle buffering and the ability to tolerate lactic acid produc-
tion.33 47 Players in the HYP group also performed seven ‘inter-
val cycling sessions’ in hypoxia during the camp. Despite
inconsistencies, training ‘high’ has been suggested to trigger
muscle adaptation to compensate for decreased O2 availability
during exercise, which can have direct implications for high-
intensity intermittent running performance.6 14 Additionally,
despite the lack of a direct transfer of the hypoxic exposure into
improved performance immediately following the camp, the
training and environmental stimulus provided in HYP group may
have facilitated the training adaptations. This may also explain
the better maintenance of Yo-YoIR2 running performance
observed 4 weeks after the camp.


Finally, while the hypoxic treatment was blinded to the
players during the initial part of the camp, they were informed


about the treatment they received after the last testing session of
the first camp (based on the coaches’ decision for motivational
purposes). Before this occurred however, when questioned 11
of the 17 participants correctly predicted the experimental treat-
ment allocated. Therefore, we are unable to completely rule out
the possibility of a placebo effect in explaining the better main-
tenance of performance in the HYP group 4WPost. Moreover, it
is possible that differences in player’s individual training load
during the 4WPost period could also have affected present
results.48


Limitations
One of the primary limitations of the present study was our
inability to both examine the independent heat effects, and
document training loads during the unsupervised training
period. However, all the physiological and performance changes
after heat exposure were well above the smallest worthwhile
change and the players in each group, as professional athletes,
reported that they adhered to their individual programme. We
also acknowledge the lack of a clear control of the effectiveness
of the blinding.40 Another limitation is related to only having
single Hbmass measures at each time point. While duplicate mea-
sures would have decreased the possible error of measurement,
increasing the number of blood samples was unrealistic with the
present population of elite professional players. In contrast, we
consider that the elite standard of the players’ and the realistic
training setting enhanced the ecological validity of the present
investigation of elite players’ training practices.


Practical applications
While the specific effects of sleeping versus cycling in hypoxia,
as well as that of a possible placebo effect on changes in per-
formance could not be deciphered, the actual efficiency of such
a training camp for the majority of the players still lends
support to its implementation during the preseason in team
sports. The rapid but likely transient effects of heat training on
plasma volume and physical performance show that this training
approach could be applied in-season7 or just before a competi-
tion in hot ambient conditions.8 Conversely, the delayed effects
from hypoxic exposure on haematological variables (and likely
physical performance) may be beneficial to either build a
physiological base during preseason training or to rebuild it
towards the end of the competitive season (at least 2–4 weeks
before the competition season6). It is however worth noting that
the difference in the maintenance of Yo-YoIR2 performance
4 weeks after the camp was rather small between the two
experimental groups (ES=+0.3); the decision to add a hypoxic
stimuli during sleeping and some training sessions has therefore
to be taken with a cost/benefit approach. Finally, the large
between-athlete variability of response and lack of association
between change in Hbmass and/or PV, BV and change in
Yo-YoIR2 performance imply that factors other than accelerated
erythropoiesis and BV expansion contribute to observed per-
formance improvements. Therefore, future work should be con-
ducted to examine the factors that determine the responders
from non-responders to heat+hypoxic exposure. This informa-
tion could then be used to make informed decisions about indi-
vidualising training/living conditions so that performance and
physiological adaptations could be optimised. The proposed
actions to individualise training camps include frequent moni-
toring of the changes in HR-derived measures7 and the utilisa-
tion of a heat-response test.8
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CONCLUSION
In summary, a very large increase in high-intensity running per-
formance was observed after only 1 week of training in the heat in
elite football players. An additional hypoxic exposure had no
immediate performance benefits, despite an increased Hbmass.
Moreover, 4 weeks later, hematological variables remained ele-
vated and high-intensity running performance tended to be main-
tained only in the hypoxic group. Pending confirmatory research,
present results suggest that a combination of heat and hypoxic
training/exposure might offer a promising ‘conditioning cocktail’
in team sports exercising at sea level in temperate environments.
More research is still needed to identify the factors affecting the
individual responses and therefore optimise such interventions at
the individual player level. Further investigations are also war-
ranted in team sport players to demonstrate the optimal dosing
and timing of such heat+hypoxic camps, and to examine how this
may translate into competitive match outcomes.


What is known on this subject


▸ Hypoxic exposure (live-high, train-low model) can increase
haemoglobin mass, especially in athletes with low baseline
levels such as team sport players.


▸ Short-term heat acclimatisation can increase plasma volume
in team sport players.


▸ Combined, increased haemoglobin mass and plasma volume
improve total blood volume and convective O2 delivery,
which can, under some circumstances, improve
high-intensity exercise performance.


What is this study adds


▸ Preseason outdoor football training in hot ambient
conditions induces (at least) partial heat acclimatisation in
professional Australian Rules Football players, and is
associated with very large improvements in high-intensity
running performance.


▸ The substantial increases in haemoglobin mass and blood
volume observed immediately after a ‘live high-train low in
the heat’ camp can last at least 1 month.


▸ Compared with training in the heat only, an additional
hypoxic stimulus during sleep and some training sessions has
no high-intensity running performance benefits immediately
after the camp. The possible greater delayed effects of the
hypoxic exposure, if any, are only small in magnitude.
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ABSTRACT
Performance in athletic activities that include a
significant aerobic component at mild or moderate
altitudes shows a large individual variation.
Physiologically, a large portion of the negative effect of
altitude on exercise performance can be traced to
limitations of oxygen diffusion, either at the level of the
alveoli or the muscle microvasculature. In the lung, the
ability to maintain arterial oxyhaemoglobin saturation
(SaO2) appears to be a primary factor, ultimately
influencing oxygen delivery to the periphery. SaO2 in
hypoxia can be defended by increasing ventilatory drive;
however, during heavy exercise, many athletes
demonstrate limitations to expiratory flow and are unable
to increase ventilation in hypoxia. Additionally,
increasing ventilatory work in hypoxia may actually be
negative for performance, if dyspnoea increases or
muscle blood flow is reduced secondary to an increased
sympathetic outflow (eg, the muscle metaboreflex
response). Taken together, some athletes are clearly
more negatively affected during exercise in hypoxia than
other athletes. With careful screening, it may be possible
to develop a protocol for determining which athletes
may be the most negatively affected during competition
and/or training at altitude.


INTRODUCTION
It is well established that for an individual athlete
training or competing at altitude maximal oxygen
uptake (VO2max) will be impaired. It follows that
exercise performance in events with a large aerobic
component will likewise be impaired at altitude,
except for those exercise activities that involve a
fast velocity of the body through the reduced
density air at altitude (eg, cycling, speed skating—
in those events, performance at altitude is often
enhanced vs sea level).1 Interestingly, the extent to
which performance is impaired at altitude shows a
substantial individual variability across the popula-
tion.2–5 This variation is hardly a new phenom-
enon, as in the 1970s, Dill and Adams6 noted that
highly trained athletes at altitude are paradoxically
‘impaired to an unusual extent’ compared with
lesser trained individuals. Since then, physiologists
have continued efforts to determine the various
factors which predict who may (or may not) be
more susceptible to declines in exercise perform-
ance at altitude.
During the years, substantial focus has been


placed on the role of the lung, ventilation and pul-
monary gas exchange limitations on exercise
impairment at altitude. Certainly, oxygen delivery
to the periphery is dependent on various factors
that occur downstream from the lung. However,
for this review, we will focus primarily on the role


that pulmonary gas exchange and specifically arter-
ial oxyhaemoglobin saturation (SaO2, or SpO2


when measured by oximetry) maintenance plays in
predicting the decline in exercise performance at
mild, moderate and the lower range of high
altitude.


BASELINE VO2MAX AND THE DECLINE IN
VO2MAX AT ALTITUDE
Across the general population, from sedentary
‘couch potatoes’ to highly trained endurance ath-
letes, a strong relationship exists between VO2max
at sea level and the decline in VO2max at altitude
(pearson r value range 0.56–0.94).2–4 For example,
between groups of trained versus untrained indivi-
duals, ΔVO2max between sea level and altitude is
as much as 5 mL/kg/min or 3.3% greater in trained
individuals at 3500 m.7 The explanation for this
phenomenon resides at the level of the lung, as
there is also a significant negative correlation
between SaO2, measured either in normoxia or
hypoxia, and the decline in VO2max.2 4 7–9


Therefore, individuals who are least able to main-
tain SaO2 likely end up being the ones with the
largest drop in VO2max. Certainly at altitude, the
decline in the partial pressure of oxygen (PO2) in
the inspired air leads to a decline in PO2 down the
cascade from the atmosphere, to the alveoli, to the
arterial blood and finally into the capillary. As
arterial PO2 dips to the shoulder of the oxyhaemo-
globin dissociation curve (eg, an arterial PO2 of
∼75 mm Hg), a small decline in PO2 leads to a rela-
tively large decline in SaO2. Why would highly
trained endurance athletes experience a larger
decline in arterial PO2 and SaO2 during exercise
compared with lesser trained individuals?
Scientific thinking on the response of SaO2


during exercise in healthy individuals has undergone
substantial change over time. The concept that
oxygen transport by the pulmonary system was suffi-
cient to maintain SaO2 at or very near to the resting
levels during submaximal and maximal exercise was
the established belief among early physiologists.10


Later, conflicting data emerged documenting con-
siderable reductions in SaO2 during heavy exercise
in select numbers of endurance-trained men,11 12


and subsequent work by Dempsey et al13 established
the incidence of exercise-induced arterial hypox-
aemia (EIH) in a group of highly trained distance
runners. However, the prevalence of EIH is far from
a universal phenomenon, and the finding of EIH
within an individual athlete may be strongly
dependent on the techniques used to determine
arterial PO2 and SaO2 (eg, muscle temperature
correction, arterial blood gas sampling vs. oximetry
measures).14 The mechanism behind arterial
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oxyhaemoglobin desaturation during exercise seems to be greater
pulmonary gas exchange limitations, secondary to some combin-
ation of inadequate hyperventilation, arterial-venous shunting,
greater ventilation—perfusion (V/Q) mismatch or diffusion lim-
itations.15 16 It is believed that each of these mechanisms plays a
role in arterial hypoxaemia, with the specific magnitude of con-
tribution of each mechanism differing both (1) across individuals,
and (2) within individuals, dependent on factors such as exercise
workload, training status, altitude acclimatisation status, pulmon-
ary mechanics and more. However, on average, ∼20% of the
variation in arterial PO2 between individuals during exercise is
due to variations in the hyperventilatory response, with the
remaining ∼80% of the variance in arterial PO2 roughly divided
evenly between V/Q mismatch and diffusion limitations.16 In the
case of diffusion limitations within the athletic population, the
limitation does not seem to derive from a clinical issue with the
alveolar—capillary barrier, but rather from a decreased transit
time of the erythrocyte across the pulmonary capillary.17 18


When the endurance athlete trains chronically, this leads to an
increase in stroke volume and cardiac output; however, pulmon-
ary capillary blood volume remains unchanged.19 As a result, the
erythrocyte must transverse the pulmonary capillary at a faster
rate during maximal exercise, the available time for oxygen to
diffuse from the alveoli to the erythrocyte is reduced, and in
some (but not all) highly trained endurance athletes, this reduced
erythrocyte transit time is shorter than the time needed for
haemoglobin to become fully saturated with O2.


17 Ultimately,
independent of the mechanism behind desaturation, endurance-
trained athletes with significant pulmonary gas exchange limita-
tions, a given decline in inspired PO2 with altitude results in a
greater decline in SaO2, and thus a greater reduction in skeletal
muscle oxygen delivery and VO2max compared with lesser
trained individuals.2 4 7


DOES A THRESHOLD ALTITUDE EXIST FOR AEROBIC
IMPAIRMENT?
An extension of this phenomenon of greater susceptibility for
altitude mediated declines in performance within select
endurance-trained athletes also applies to the threshold altitude
for aerobic impairment. Original thinking on the topic from the
1960s held that there was no significant decline in VO2max up
to an altitude of 1524 m.20 In the 1980s, the same research
laboratory revised the threshold altitude for aerobic impairment
down to 1219 m.21 However, the first study only had a sample
size of six participants, and the latter study used recreational
runners who were of mostly average fitness. Based on these
data, Terrados et al22 theorised that the threshold altitude for
aerobic impairment may not be universal for all, and their
group ultimately showed that trained athletes demonstrate a
reduction in VO2max at a much lower threshold altitude
(900 m) than untrained individuals (1200 m). Gore et al9


demonstrated a significant aerobic impairment at an even lower
altitude of 580 m, and a regression of data from 11 different
studies on endurance-trained athletes show a linear reduction in
VO2max with ascent from sea level.23 Our research group took
these analyses one step further, by dividing endurance-trained
athletes into cohorts of EIH and non-EIH, based on oximetry
estimates of SaO2 during maximal exercise at sea level.8 Despite
having sea level VO2max values that were not different
(EIH=71.1±5.3 vs non-EIH=67.2±7.6 mL/kg/min), the EIH
athlete group demonstrated a significant decline in VO2max of
4.2% at a simulated mild altitude of 1000 m, whereas the
non-EIH athlete group had no change in VO2max at 1000 m.
In total, these data suggest that SaO2 maintenance, and not


baseline VO2max levels per se, is a primary limiting factor deter-
mining VO2max decline with exposure to acute altitude.


WHAT ABOUT EXERCISE PERFORMANCE?
Although understanding the mechanism behind VO2max decline
at altitude is important, for the competitive endurance athlete,
performance is the primary outcome of interest. Endurance ath-
letes in sports such as distance running, cycling, swimming and
cross country skiing do not hold VO2max competitions—they
race against each other. It is well established that the ability to
consume oxygen at a high rate is strongly linked to endurance
exercise performance.24–26 However, does the link from SaO2


maintenance to VO2max maintenance at altitude extend one step
further to include maintenance of competitive performance out-
comes? In an attempt to understand this relationship better, we
examined 26 elite US distance runners (17 M, 9 W), each lifetime
sea level residents and all but one ranked among the top 50 elite
US distance runners in their primary event in the year of the
study.5 SaO2 was estimated using oximetry during a constant
speed, simulated race pace exercise bout on a treadmill at sea
level, and 3000 m time trials were completed on a standard
400 m track at sea level and at 2100 m, 48 h after arrival to
2500 m. As expected, group 3000 m performance was slower at
altitude (Δ3000 m time=48.5±12.7 s). However, when partici-
pants were divided into LoSat (<91%) and HiSat (>93%)
groups, on the basis of oximetry estimates of arterial SaO2 values
during the sea level race pace treadmill bout, the LoSat group
demonstrated a significant worsening of performance at 2100 m
compared with the HiSat group (figure 1).


These data would suggest that prescreening SaO2 during
heavy or maximal exercise may help to predict who may or may
not be more negatively affected at altitude than an average
response. Certainly, SaO2 will not be an absolute predictor of
the magnitude of performance decline at altitude. However,
71% of the time our LoSat and HiSat designations correctly pre-
dicted whether an athlete would experience a performance
decline at altitude that was more or less than the group mean.5


For the elite athlete, for whom training and competitive efforts
must be regulated very tightly, this information may be quite
beneficial. Coaches could, in theory, make modifications in
training loads while at altitude, or in team sports, make person-
nel decisions about playing time in competitions at altitude
based (in part) on the ability to maintain SaO2 during exercise.


Figure 1 Differences between LoSat and HiSat groups in (left) the
change in race pace VO2 between normoxia and hypoxia (16.3% O2)
and (right) the change in 3000 m race time between sea level and an
altitude of 2100 m. Values are means±SE. *Significantly different from
HiSat, p≤0.05. Reprinted with permission from Wolter Kluwer Health.
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ROLE OF THE VENTILATORY RESPONSE TO EXERCISE
One key question that follows is whether an athlete demon-
strates a low SaO2 during exercise, and if SaO2 maintenance is
important to altitude performance, are there any treatments or
interventions available to mitigate the fall in SaO2? In other
words, if an athlete desaturates, is there anything that can be
done? Of the factors involved in the development of EIH,
perhaps the only one that is under at least some level of volun-
tary control by the athlete is the ventilatory response to exercise.
Athletes with EIH consistently show a reduced ventilatory drive
during exercise compared with non-EIH athletes13 27 28 evi-
denced in our data as a reduced VE/VO2 and end-tidal PO2 and
higher end-tidal PCO2 in EIH versus non-EIH athletes.5 8


Athletes demonstrating EIH have also been shown to have lower
hypoxic ventilatory responses at rest, compared with non-EIH
athletes.27 The fact that differing ventilatory responses to exer-
cise and hypoxia exist across the athletic population is import-
ant, as one of the only strategies available for the athlete to
defend SaO2 during exercise is to increase ventilation, to maxi-
mise alveolar PO2 (PAO2). Our own data have shown that oxim-
etry estimates of SaO2 during exercise in a highly
endurance-trained cohort is significantly correlated to VE/VO2


(r=0.61, p<0.01).8 This significant correlation between SpO2


and VE/VO2 has also been shown to exist across trained and
untrained individuals exercising submaximally at a range of
simulated altitudes between 1000 and 4500 m.28


We asked if an inadequate hyperventilatory response contri-
butes in some part to the low SaO2 exhibited by EIH athletes
during heavy exercise, could the desaturation be mitigated by
stimulating ventilation? PAO2 has been increased in EIH athletes
using a mild hyperoxic inspirate, which reduced the hypoxaemia
and increased VO2max.29 In theory, a similar response could be
achieved by increasing VE. Interestingly, caffeine in moderate
doses has a long history as a ventilatory stimulant, showing
effects on both central and peripheral chemosensitivity.30 31 In a
cohort of eight caffeine naïve athletes with EIH (VO2


max=69.2±4 mL/kg/min; oximetry estimates of SaO2 at
VO2max=88.0±1.7%), we found that a moderate dose of caf-
feine (8 mg/kg body weight, 90 min prior to exercise) signifi-
cantly increased submaximal and maximal exercise ventilation
compared with placebo.32 VE/VO2, end-tidal PO2 and oximetry
estimates of SaO2 all significantly increased during submaximal
exercise after caffeine; however, none of these variables were
different between treatments during maximal exercise
and VO2max was not different between caffeine and placebo
(figure 2). The data suggest that the pharmacological effect of
caffeine on exercise ventilation and arterial saturation mainten-
ance are workload dependent. Although existing evidence sug-
gests a decrease in the gain of the ventilatory response to
various stimuli with increasing workload (eg, inspired CO2,
increased dead space, hypoxia inspirate33 34), we believe that
the approaching (or frank achievement) of mechanical expira-
tory flow limitation may strongly affect the ventilatory response
to exercise and potentially, the downstream effects on arterial
oxygenation.35 36


Mechanical limitations to expiratory flow
Untrained individuals are typically able to increase both VE and
VE/VO2 during maximal exercise in hypoxia compared with
normoxia.2 4 7 28 However, the ventilatory requirement of
highly trained endurance athletes during heavy exercise is sub-
stantially greater than the ventilation produced by untrained
individuals.34 37 As a result, the highly trained endurance


athlete may have little reserve to increase ventilation during
hypoxic exercise at heavy or maximal workloads. In fact, many
athletes reach some degree of mechanical limitation to expira-
tory flow during heavy exercise.34 38 Specifically, the effort-inde-
pendent portion of the maximal flow-volume relationship
during expiration is met by some portion of the tidal breath. In
this case, athletes who demonstrate significant expiratory flow
limitation may be at a disadvantage at altitude compared with
non-flow limited athletes, as they will lack the mechanical
reserve to increase ventilation to defend PAO2 and SaO2.


To test the role of expiratory flow limitation on the ventila-
tory and gas exchange responses to hypoxia, we examined a
cohort of highly trained endurance athletes who performed
maximal exercise in normoxia and mild hypoxia.39 In partici-
pants who were non-flow limited, meaning none of their tidal
flow volume loop during maximal exercise encroached on the
maximal flow volume envelope, VE at VO2max was significantly
increased by 9.8% in mild hypoxia versus sea level (figure 3).
However, in participants who were grouped as flow limited,


Figure 2 Minute ventilation, ventilatory equivalent for O2, end-tidal
partial pressure of oxygen, and arterial oxyhaemoglobin saturation
during graded exercise with placebo (filled circles) and caffeine (8 mg/
kg body weight, open squares). Values are means±SE. *Significantly
different from placebo at the same percentage of maximal oxygen
uptake, p<0.05. Reprinted with permission from Wolters Kluwer Health.


Figure 3 Minute ventilation in normoxia (filled circles) and hypoxia
(open circles) at different levels of exercise in non-flow limited (left
panel) and flow limited (right panel) groups. Values are means±SE.
*Significantly different from normoxia at the same percentage of
maximal oxygen uptake, p≤ 0.05. Reprinted with permission from
Elsevier.
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with a mean 56±11% (range 43–70%) of their tidal flow
volume loop meeting or exceeding the maximal flow volume
boundary, VE at VO2max was not significantly different
between normoxia (159.5±9.4 L/min) and mild hypoxia (162.3
±6.0 L/min). Even when the flow limited athletes were chal-
lenged with the double stimuli of both caffeine and a hypoxic
inspirate, they still did not increase VE during maximal exercise
over values obtained with ingestion of a placebo and a normoxic
inspirate. Thus, the ability to increase exercise ventilation in
hypoxia to attempt to defend SaO2 is strongly influenced by the
mechanical ventilatory reserve available.


It should be noted that in the endurance athlete population,
our data consistently show that expiratory flow limitation
during heavy exercise is not usually caused by a constrained
maximal flow volume envelope. Rather, flow limited athletes
typically have a stronger ventilatory response to exercise than
non-flow limited athletes. 34 For example, our data show that
during maximal exercise VE/VO2 and end tidal PO2 are consist-
ently higher and end tidal PCO2 lower in flow limited versus
non-flow limited athletes,39 40 which is counter to what is typic-
ally seen in individuals who are flow limited due to disease or
ageing.36 Owing to the strong ventilatory response to exercise,
we often refer to athletes with expiratory flow limitation as
‘flow maximizers’ rather than flow limited. By comparison,
non-flow limited athletes often have substantial ventilatory
reserve during heavy exercise in hypoxia, but still do not
increase VE further to defend the fall in SaO2.


39 40 Why this is
the case is not clear, but it may have to do with the metabolic
cost associated with ventilation and potential negative factors
associated with high amounts of respiratory muscle work.41


Metabolic cost of ventilation and the metaboreflex
response
At any exercise workload, even if an athlete is flow limited,
there are options available to increase ventilation. The athlete
could: (1) increase expiratory pressure at the beginning of expir-
ation to take advantage of the higher flows available at higher
lung volumes or (2) increase end expiratory lung volume, shift-
ing the tidal volume closer to total lung capacity, where higher
expiratory flows can be achieved.34 While these two ventilatory
strategies are available to the athlete, many ‘choose’ not to do
either, as both options involve increased work by the respiratory
muscles, an associated increase in the metabolic cost of breath-
ing and increased dyspnoea.34 41 Additionally, increasing
respiratory muscle work at high ventilations has been associated
with a sympathetic metaboreflex response, where vasoconstric-
tion causes blood flow to the locomotor muscles to decrease,
likely in an effort to prioritise blood flow to the respiratory
musculature.42–44 Therefore, while increasing ventilation during
heavy exercise in hypoxia may be seen as a mechanism to
defend PAO2 and SaO2, locomotor muscle oxygen delivery may
be compromised, however this has not been rigorously tested.
Similarly, although non-flow limited athletes have mechanical
room to increase exercise ventilation to defend PO2 and SaO2


in hypoxia, they may modulate work output (eg, in a self-paced
performance trial) to avoid higher levels of ventilatory work
and dyspnoea. This was the case in unpublished data from our
laboratory showing that non-flow limited athletes demonstrate a
greater performance decline in 17% O2 during a 5km all-out
cycle performance trial, compared with a flow limited group.
We believe that the flow limited athletes may simply be accus-
tomed to higher levels of ventilatory work which maximises
their available mechanical room for ventilation, and thus were


not as affected by a hypoxic stimulus (from a ventilatory stand-
point) during a maximal effort performance trial.


SCREENING OF THE INDIVIDUAL RESPONSE TO EXERCISE
AT ALTITUDE
For the athlete and coach preparing for either training or com-
petition at altitude in a sport with an aerobic component, are
there steps that can be taken at sea level, prior to departure, to
determine the individual response to acute altitude exposure?
For select sporting activities, time trials or other direct perform-
ance measures could be completed using a normoxic and a
hypoxic inspirate. It is to be remembered that most hypoxic
delivery models at sea level utilise normobaric hypoxia, which
may produce differing physiological responses than the hypoba-
ric hypoxia that the athletes will experience at terrestrial alti-
tude.45 However, for team-based sport athletes (the focus of
these conference proceedings), logistically there are perhaps few
options for a direct method for pretesting actual performance
decline at altitude. However, based on the data presented in this
review, it can be emphasized that there are measures that could
be completed at sea level, which combined would perhaps
provide an indication to the degree which the athlete tolerates
exercise at altitude.


Measures of arterial SaO2 during exercise
With the strongest correlating factor to VO2max declines at alti-
tude being the degree of pulmonary gas exchange limitations,
measuring SpO2 non-invasively during exercise appears to be a
useful tool. A progressive exercise test, ideally using the same
mode of exercise (running, cycling, cross country skiing, etc) that
the athlete makes use of in competition, as well as a range of
efforts that includes the expected workloads of training and com-
petition, should be utilised. Although there is not a hard desatur-
ation threshold established, athletes who desaturate more than
others will likely be more negatively affected at altitude. Keeping
in mind the limitations associated with pulse oximetry (eg,
motion artifact),46 those demonstrating an SpO2 less than ∼92%
during sea level exercise, being already on the shoulder of the
oxyhaemoglobin dissociation curve, will likely experience larger
declines in VO2max at altitude compared with athletes who
maintain SpO2 at higher levels (for an example of typical EIH
and non-EIH athlete responses, see table 1). If available, mea-
sures of PAO2 during exercise can add additional insight, as ath-
letes with low PAO2 measures during heavy or maximal exercise
are often (but not always) the ones who show the most


Table 1 Response of a representative EIH and non-EIH participant
to maximal exercise in normoxia and mild hypoxia (0.187 O2)


VO2max
(mL/kg/
min)


SaO2


(%)


VE
(L/
min)


PETO2


(mm Hg)
PETCO2


(mm Hg)


EIH
Normoxia


76.2 88.6 129.1 112.1 43.0


EIH
Mild hypoxia


71.9 83.0 140.4 101.8 36.4


Non-EIH
Normoxia


79.8 95.1 147.4 125.9 31.4


Non-EIH
Mild hypoxia


80.3 92.8 150.2 109.0 31.4


Data from reference8.
PETCO2, end-tidal CO2 partial pressure; PETO2, end-tidal O2 partial pressure; SaO2,
oximetry estimate of arterial oxyhaemoglobin saturation; VE, minute ventilation;
VO2max, maximal oxygen uptake.
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hypoxaemia.8 13 27 28 Should it be possible to complete a second
test using a hypoxic inspirate equivalent to the altitude of train-
ing/competition, the decline in VO2max and SaO2, as well as the
increase in VE and heart rate would give an even more refined
data set on which to predict performance decline at altitude.


Hypoxic ventilatory response
While it has been shown that individuals with a high hypoxic
ventilatory response have better performances and less acute
mountain sickness symptoms at extreme altitudes,46 we have
not found a significant relationship between the isocapnic HVR
at rest and the decline in VO2max or performance with acute
altitude exposure.5 8 32 However, a lack of a correlation
between HVR and ΔVO2max or Δperformance from sea level to
moderate altitude in our studies may simply be the result of a
small distribution of HVR values. Most highly trained athletes
(including a large portion of the cohort of athletes studied in
our laboratory) display substantially blunted peripheral chemor-
esponsiveness with HVR values that are quite homogeneous.47


For example, of 53 endurance athletes studied in our laboratory,
89% displayed HVR values between 0.03 and 0.45 L/min/%
SaO2, a narrow range of values which makes a correlational ana-
lysis between HVR and performance decline at altitude less
meaningful. Anecdotally, in contrast to the data from mountai-
neers at high altitudes,46 our group has noted that the few ath-
letes who demonstrate relatively strong hypoxic ventilatory
responses (ie, greater than ∼0.5 L/min/%SaO2) typically demon-
strate the most dyspnoea and perceived exertion during training
on arrival and throughout training at moderate altitude. As a
result, these athletes tend to struggle more with workouts and
may train at lower workloads in an effort to avoid large
amounts of ventilatory work. In this case, it may very well be
that athletes with high HVRs are better off staying at sea level
to train, with a better chronic sea level training response out-
weighing any positive effects of altitude acclimatisation;
however, this would need to be confirmed with direct
examination.


Expiratory flow limitation
A measure of expiratory flow limitation may be useful in charac-
terising how an athlete may respond to exercise and training in
hypoxia. Owing to many, if not most flow limited athletes within
the athletic population reach or approach flow limited status due
to a vigorous ventilatory response to exercise which they are
accustomed to even at sea level, added sensations of dyspnoea
during hypoxic exercise may be less than in non-flow limited
athletes. At least with acute exposure to altitude, non-flow
limited athletes may reduce work output during training, in an
effort to keep ventilation and dyspnoea at manageable levels.


What are the new findings?


▸ Arterial oxyhaemoglobin saturation (SaO2) is strongly linked
to the ability to maintain maximal oxygen uptake at
altitude.


▸ By extension, the ability to defend SaO2 is also strongly
linked to the ability to maintain performance in aerobic
activities at altitude.


▸ Pharmacologically stimulating ventilation increases end-tidal
PO2 and SaO2 during submaximal exercise, but not during
maximal exercise where many athletes reach a mechanical
limit for expiratory flow.


How might it impact on clinical practice in the near
future?


▸ Screening responses such as SaO2 or SpO2 during exercise,
expiratory flow limitation and hypoxic ventilatory response
at rest may provide coaches and athletes valuable
information about how they might individually respond to
training or competition at altitude.


▸ This information could allow team physicians to make
recommendations on how to modify intensity or duration of
practice bouts at altitude, as well as playing time during
altitude-based competitions.
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Football and altitude: a FIFA vision
Michel D’Hooghe


In the world of football, the visiting
national teams are sometimes confronted
with different environmental conditions:
heat, cold and different relative humidities
are good examples, but the most important
one is the practice of football at altitude.


In 2007, the Medical Committee of
Federation Internationale de Football
Association (FIFA) had organised a consen-
sus meeting, with 12 international scientists,
who have performed their own research in
this respect. The consensus provided recom-
mendations and guidelines for training and
playing at different altitude, taking note that,
due to the surcharged football calendar, a
long adaptation period is not always
possible.


The game of football proposes anaerobic
and aerobic activities, and requires physical,
technical and tactical skills. These skills
depend on the training exercises and on
intact cognitive functions and coordination,
as a result of a neuromuscular mechanism.
Playing football at altitude undoubtedly
influences those skills and determines the
outcome of crucial match situations.
FIFA was grateful and honoured to par-


ticipate to the high-level consensus meeting,
organised in 2013 by the Aspetar Clinic of
Doha, under the scientific guidance of Dr
Olivier Girard. Aspetar, one FIFA accredited
Medical Centre of Excellence (FIFA
Medical Assessment and Research Centre,
F-MARC), was indeed the adequate and
optimal place to reach a new consensus,
based on the scientific observations from
the last 6 years. Enormous efforts have been
accomplished to recreate altitude condi-
tions: 25 hypoxic normobaric rooms were
fully equipped together with hypoxic cham-
bers and a specially constructed tunnel,
45 m long creates ideal conditions for train-
ing in hypoxia.


It was, for the medical leadership of
FIFA, an unique occasion to confront their
views with the most recent scientific infor-
mation on the latest strategies for develop-
ing peak performance and optimising the
‘altitude dose’. The presentations and dis-
cussions that took place at the Aspetar
meeting are published in this supplement.
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ABSTRACT
Over the past two decades, intermittent hypoxic training
(IHT), that is, a method where athletes live at or near
sea level but train under hypoxic conditions, has gained
unprecedented popularity. By adding the stress of
hypoxia during ‘aerobic’ or ‘anaerobic’ interval training,
it is believed that IHT would potentiate greater
performance improvements compared to similar training
at sea level. A thorough analysis of studies including IHT,
however, leads to strikingly poor benefits for sea-level
performance improvement, compared to the same
training method performed in normoxia. Despite the
positive molecular adaptations observed after various IHT
modalities, the characteristics of optimal training
stimulus in hypoxia are still unclear and their functional
translation in terms of whole-body performance
enhancement is minimal. To overcome some of the
inherent limitations of IHT (lower training stimulus due
to hypoxia), recent studies have successfully investigated
a new training method based on the repetition of short
(<30 s) ‘all-out’ sprints with incomplete recoveries in
hypoxia, the so-called repeated sprint training in hypoxia
(RSH). The aims of the present review are therefore
threefold: first, to summarise the main mechanisms for
interval training and repeated sprint training in
normoxia. Second, to critically analyse the results of the
studies involving high-intensity exercises performed in
hypoxia for sea-level performance enhancement by
differentiating IHT and RSH. Third, to discuss the
potential mechanisms underpinning the effectiveness of
those methods, and their inherent limitations, along with
the new research avenues surrounding this topic.


INTRODUCTION
Prolonged altitude sojourns using the ‘live high-
train high’ or the ‘live high-train low’ models1 2


have been increasingly used in athletes involved in
endurance and, more recently, in intermittent (eg,
team and racket sports) disciplines in an attempt to
gain a competitive edge.2 3 However, the question
as to how effectively prolonged altitude exposure
can improve athletic performance and its underpin-
ning physiological mechanisms and signalling path-
ways remains contentious.4 5


Over the past two decades, intermittent hypoxic
training (IHT), that is, a method where athletes live
at or near sea level but train under hypoxic condi-
tions, has gained large popularity. Hence, IHT pre-
sents the advantages of minimal travel and relatively
low expense and causes limited disruption to the
athletes’ normal training environment and lifestyle.
Another advantage is that it also avoids the deleteri-
ous effect (decreased muscle excitability) of an


extended stay in altitude.6 By adding the stress of
hypoxia during ‘aerobic’ or ‘anaerobic’ interval
training (INT), it is believed that IHTwould potenti-
ate greater performance improvements compared to
similar training at sea level. For long, erythrocytosis
was believed to be the primary factor benefiting
putative sea-level performance improvement after a
sufficient (several weeks) hypoxic stimulus.4 5 7


However, IHT viewed this from a new perspective
with evidence that exercising even for a short period
in hypoxia affects a large number of genes mediated
by hypoxia-inducible factors (HIFs)8 and the exer-
cise performance with muscular adaptations arising
(and not necessarily an improved oxygen carrying
capacity).9–12 Nevertheless, in other IHT studies,
any potentiating effect of hypoxia in addition to
training was ambiguous.3 13–16 Although an
improvement in anaerobic performance after IHT
has been mentioned in four studies,17–20 it is note-
worthy that these studies were ‘uncontrolled’, and
therefore the effects of training cannot be distin-
guished from those of hypoxia.13 As such, it seems
that after decades of research, “IHT does not
increase exercise performance at sea level in endur-
ance athletes any more than simply training at sea
level.”21


Until now, only scarce literature has assessed the
potential benefits of altitude training in intermittent
sports.16 22 23 Therefore, the relevance of altitude
training in team-sport athletes for improving
players’ specific fitness (repeated sprint ability
(RSA)) has not been scientifically sounded as yet.
Team-sport players (eg, football) perform a large
number of high-intensity actions, including numer-
ous sprints, often with incomplete recoveries,
during the course of a game. As a consequence,
developing their ability to repeatedly perform
intense exercise bouts for sustained periods is
important for crucial match actions.24 For example,
failure to recover after a sequence of intense
actions may leave the team more vulnerable defen-
sively by decreasing the chances to reach passes or
increasing the time to take up a defensive position
(tackles). Sport-specific training methods for team
sports using the stress of hypoxia as a strong add-
itional stimulus with specifically designed training
models are arguably promising methods. For
instance, repeated sprint training in hypoxia (RSH),
defined as the repetition of several short (≤30 s)
‘all-out’ exercise bouts in hypoxia interspersed with
incomplete recoveries (exercise-to-rest ratio <1:4),
could be considered as such a sport-specific training
strategy. Although RSH could be considered as a
form of IHT, its efficacy is presumably based on
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different mechanisms than on the existing IHT methods (dis-
cussed below), therefore justifying the addition of the RSH
modality in the altitude training nomenclature.25


The aims of the present review are threefold: first, to sum-
marise the main mechanisms for INT and repeated sprint train-
ing in normoxia (RSN). Second, to critically analyse the results
of the studies involving high-intensity exercises performed in
hypoxia for sea-level performance enhancement by differentiat-
ing IHT and RSH. Third, to discuss the potential mechanisms
underpinning the effectiveness of those methods, and their
inherent limitations, along with new research avenues surround-
ing this topic.


A computer-based literature search was conducted in April
2013 using the PubMed electronic database using combinations
of specific keywords: ‘altitude’, ‘hypoxic’, ‘training’, ‘intermit-
tent hypoxia’, ‘repeated sprints’, ‘interval training’, ‘exercise’
and ‘performance’. Recently, an international consensus group
of the IOC26 underlined the further need “to study the effects
of training in hypoxia and live high-train low modalities on per-
formance at sea level, low and moderate altitude using a
placebo-controlled double-blind design.” Well aware of the
methodological issues (ie, importance of ruling out placebo
effects21 27) pertaining to the conclusion of some altitude train-
ing studies, the present review is limited to studies including a
control (CON) group in their experimental design, allowing the
effects of training and hypoxic stimulus to be clearly
differentiated.


INT VERSUS RSN
The efficiency of INT28 29 has been investigated extensively. It
can broadly be subdivided into (1) short or long aerobic28


versus anaerobic29 INT and (2) short or long intervals versus
sprint intervals.30 INT consists of ‘repeated short-to-long bouts
of rather high-intensity exercise interspersed with recovery
periods’.28 While any INT session will naturally challenge the
metabolic and neuromuscular systems, it is beyond the scope of
this review to detail all the stressed factors.24 30–32 However, we
support the recent statement that “the cardiorespiratory (ie,
VO2) data, but also cardiovascular work, stored energy and
cardiac autonomic stress responses are the primary variables of
INT”, whereas “anaerobic glycolytic energy contribution and
neuromuscular load/musculoskeletal strain are secondary.”30


Indeed, the expected benefits of INT are primarily to maximise
VO2max and therefore cardiac output and the arterial-mixed
venous oxygen difference32 as well as the VO2 kinetics,31 which
are important determinants of endurance performance. Overall,
INT performed at intensities33 and exercise-to-rest ratios34 that
elicit maximal volume and pressure overloads on the myocar-
dium and VO2 responses near maximal oxygen uptake (VO2max)
are quite likely optimal in terms of cardiac output, blood flow,
shear stress, recruitment and increased oxidative capacity of fast
twitch (FT) fibres. This imposes the need to maintain the
longest time >90% VO2max.


35


During repeated sprints in normoxia, the factors responsible
for the performance decrements (eg, decline in sprint speed/
power across repetitions) include limitations to energy supply
(eg, phosphocreatine (PCr) resynthesis and aerobic and anaer-
obic glycolysis), metabolite accumulation (eg, inorganic phos-
phate, Pi; hydrogen ion, H+) and neural factors (eg, neural
drive and muscle activation).36 37 Among these factors, the
ability to resynthesise PCr is probably the central determinant
of RSA. Hence, the oxidative pathway is essential for the PCr
resynthesis rate,38 and the decrease in PCr concomitant to the
rise in Pi and AMP stimulates the anaerobic glycolytic


contribution at the start of a sprint. If the increase in H+ accu-
mulation is also known to impair RSA, recent findings39 suggest
that this fitness component is determined to a larger extent by
the muscle energy supply (eg, short-term (<1 min) PCr resynth-
esis rate) than by the H+ removal.


In team sports, the clinical relevance of improving RSA is
debated,40 but it is a common belief that such adaptations
would be beneficial for improved match-related physical per-
formance. For instance, the mean time recorded during an RSA
test predicts the distance of high-intensity running and the total
sprint distance during a professional football match.41


Furthermore, football players experience temporary fatigue
during a game (eg, lower amount of sprinting, high-intensity
running and distance covered after a sequence of repeated and
intense actions), which may determine the outcome of crucial
situations (eg, decreased technical and tactical behaviour and
wrong cognitive choices).42 43 This suggests that improving RSA
would maximise team-sport physical performance and that it is
important to better understand training strategies that can
enhance this fitness component.


Although the brief description above of the main determi-
nants of INT versus RSN highlights that those training methods
aim at developing predominantly the aerobic pathway and RSA,
respectively, the practical question of their optimal combination
in team sports is widely debated37 44 with two diverging
approaches45; that is, an integrative ‘mixed’ method mainly
based on IHT/RSN37 contrasting with an ‘isolated’ method
based on the parallel development of maximal aerobic speed
and maximal sprinting speed.44 The same debate was translated
within the area of the optimal use of hypoxic training in team
sports3 15 and needs to better describe the main adaptive
mechanisms of IHT and RSH. This is the objective of the next
sections.


CURRENT TRENDS: IS IT TIME TO MOVE BEYOND IHT?
Performance improvement with IHT
In table 1, we report 23 controlled studies (ie, 20 IHT and 3
RSH) including training protocols performed in hypoxia versus
normoxia. Interestingly, an additional benefit on performance-
related variables of IHT compared with the same training
performed in normoxia is present in only four of those studies.
First, Martino et al48 reported a faster 100 m swim time and
larger improvement in peak power output during an arm
Wingate test after 21 days of training including swim sprints at
an altitude of 2800 m, compared to sea level. Since a detailed
description of the training sessions is not available, the mechan-
isms inducing additional hypoxia-related benefits cannot be
ascertained. Second, Hendriksen and Meeuwsen54 highlighted a
5% increase in peak power output during a Wingate cycling test
after 10 days of aerobic training in hypobaric hypoxia, while
performance in the normoxic training group did not change.
Third, Dufour et al59 reported an improved endurance perform-
ance capacity in competitive distance runners after 6 weeks of
high-intensity aerobic training at 3000 m (ie, 5% increase in
their VO2max and 35% longer time to exhaustion running at a
speed associated with VO2max), but not performance change in
the group training in normoxia. Finally, Manimmanakorn
et al23 reported in one of the few studies conducted with team-
sport athletes that a knee extension/flexion IHT performed over
a 5-week period provided an additional benefit for improving
maximum voluntary contraction torque during prolonged leg
extensions. A remarkable observation across the above-listed
studies is that the additional benefits of IHT seem to be partly
related to an upregulation of the glycolytic potential and to an
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Table 1 Summary of current research findings relative to the use of intermittent hypoxic training (IHT) or repeated sprint training in hypoxia (RSH)


Author (year) Participants
Design (number of training sessions, type, altitude and training
content) Groups


Statistically significant
results (p<0.05)


Roskamm et al (1969)46 Untrained 24 over 4 weeks, cycling, 2250 m (N=6) or 3450 m (N=6; HH). 30 min
aerobic training


IHT, N=12 10–17% VO2max


INT, N=6 6% VO2max


Terrados et al (1988)47 Elite cyclists 12–20 over 3–4 weeks, cycling, 2300 m (HH). Aerobic training and
some intervals (15 s at 130% of aerobic peak power output)


IHT, N=4 33% PPO
INT, N=4 22% PPO


Martino et al (1995)48 Elite swimmers Swim sprints at 2800 m (HH) during 21 days at altitude. No details
available


IHT, N=20 −6% 100 m swim time, 34%
PPO arm Wingate test


INT, N=13 NS changes
Emonson et al (1997)49 Untrained 15 over 5 weeks, cycling, 2500 m (HH). 45 min at 70% of VO2max IHT, N=9 12% VO2max


INT, N=9 12% VO2max


Katayama et al (1998)50 Untrained 10 over 2 weeks, cycling, 4500 m (HH). 30 min at 70% of normoxic
VO2max level


IHT, N=7 7% VO2max


INT, N=7 5% VO2max


Bailey et al (2000)51 Runners 4 weeks at ∼2000 m (NH). Aerobic training, no details IHT, N=18 15% VO2max


INT, N=14 5% VO2max


Geiser et al (2001)52 Untrained 30 over 6 weeks, cycling, 3850 m (NH). 30 min at 77–85% of
maximum heart rate


IHT, N=18 11% VO2max, 17% 30 min TT
mean PO


INT, H=15 9% VO2max, 19% 30 min TT
mean PO


Karlsen et al (2002)53 Cyclists 9 over 3 weeks, cycling, 3000 m (NH). 120 min aerobic training IHT, N=8 NS changes in VO2max or
30 min TT


INT, N=8 NS changes in VO2max or
30 min TT


Hendriksen and
Meeuwsen (2003)54


Triathletes 10 over 10 days, cycling, 2500 m (HH). 105 min aerobic training IHT, N=8 5% PPO cycling Wingate test
INT, N=8 NS increase


Truijens et al (2003)55 Swimmers 15 over 5 weeks, swimming, 2500 m (NH). 12.5 min >100% VO2max


(30 s or 60 s bouts)
IHT, N=8 NS changes
INT, N=8 6% VO2max


Ventura et al (2003)56 Cyclists 18 over 6 weeks, cycling, 3200 m (NH). 30 min aerobic training IHT, N=7 NS changes in VO2max or
10 min TT


INT, N=5 NS changes in VO2max or
10 min TT


Morton and Cable
(2005)16


Team-sport
players


12 over 4 weeks, cycling, 2750 m (NH). 10×1 min at 80% of 2 min
PPO


IHT, N=8 8% cycling Wingate test PPO,
7% VO2max


INT, N=8 6.5% cycling Wingate test
PPO, 8% VO2max


Roels et al (2005)57 Cyclists and
triathletes


14 over 7weeks, cycling, 3000 m (NH). 6–8×2–3 min at 100% of
aerobic PPO


IHT, N=11 4% 10 min TT mean PO
IHIT, N=11 9% VO2max, 5% 10 min TT


mean PO
INT, N=11 5% 10 min TT mean PO


Roels et al (2007)58 Cyclists and
triathletes


15 over 3 weeks, cycling, 3000 m (NH). 9×60 min at 60% VO2max and
36 min with intervals of 2 min at 100% aerobic PPO (2 min bouts)


IHT, N=10 7% aerobic PPO
INT, N=9 7% aerobic PPO, 8% 10 min


TT mean PO
Dufour et al (2006)59 Runners 12 over 6 weeks, running, 3000 m (NH). 24–40 min <VO2max IHT, N=9 5% VO2max, 35% Tlim at


vVO2max


INT, N=9 NS changes
Hamlin et al (2010)22 Cyclists and


triathletes
10 over 10 days, cycling, 3200–4400 m (NH). 90 min aerobic training
followed by two 30 s Wingate tests


IHT, N=9 3% PO cycling Wingate test
INT, N=7 NS changes


Lecoultre et al (2010)60 Cyclists 12 over 4 weeks, cycling, 3000 m (NH). 4×12–18 min at 100–120%
of aerobic PPO, 4×30–48 min <VO2max and 4×100 min aerobic
training


IHT, N=7 7% 40 km TT mean PO
INT, N=7 6% 40 km TT mean PO


Mao et al (2011)61 Active males 25 over 5 weeks, cycling, 2750 m (NH). 30 min aerobic training IHT, N=12 16% VO2max


INT, N=12 10% VO2max


Manimmanakorn et al
(2013)23


Female team-sport
players


15 over 5 weeks, knee flexion and extension, ∼4500 m (NH). 6 sets of
low resistance knee extensions and flexions to failure with 30 s
between sets


IHT, N=10 15% MVC3, 17% MVC30,
129% REPS201RM


INT, N=10 86% REP201RM
Holliss et al (2013)62 Active males 15 over 3 weeks, leg extension, 3000 m (NH). 10×60–70 s intense


exercise with 20–30 s passive recovery. One leg IHT, the other leg INT
IHT, N=9 25% leg extension,


incremental Tlim
INT, N=9 27% leg extension,


incremental Tlim
Puype et al (2013)63 Moderately


trained cyclists
18 over 6 weeks, cycling, 3000 m (NH). 4–9 sprints of 30 s
interspersed with 4.5 min recovery at 50 W


RSH, N=10 6% sprint PO, 6% VO2max,
6% 10 min PO, 7% LT4


RSN, N=10 5% sprint PO, 6% VO2max,
6% 10 min PO, NS


CON, N=10 NS changes
Galvin et al (2013)64 Rugby players 12 over 4 weeks, treadmill running, 3500 m (NH). 10 sprints of 6 s


interspersed with 30 s recovery
RSH, N=15 33% Yo-Yo Intermittent


Recovery 1 test performance
RSN, N=15 14% Yo-Yo Intermittent


Recovery 1 test performance


Continued
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increased anaerobic capacity (eg, larger increase in Wingate per-
formance). These adaptations might help athletes engaged in
intermittent sports to improve their match-related performance.


Besides, in another study conducted with team-sport athletes,
similar improvements in aerobic and anaerobic power outputs
were observed when training was performed in hypoxia and nor-
moxia.16 Other well-designed controlled studies highlighted the
benefits of IHTon aerobic performance but failed to demonstrate
an additional benefit of conducting the training in a hypoxic
environment.46 55 57 58 66 With the many different training strat-
egies and methods available, the possibility that IHT might
“enhance endurance performance when subsequent exercise is
conducted in hypoxia” in football players as stated in a recent
comprehensive review3 was therefore questioned by our team.15


Physiological mechanisms and limitations of IHT
IHT is quite likely to have a minimal effect on erythropoiesis
since a large ‘hypoxic dose’ is required for significantly “stimu-
lating the erythropoietic pathway to the point that it enhances
post-altitude sea-level endurance performance.”4 5 In support of
this assumption, previous IHT studies failed to observe any sig-
nificant change in the total haemoglobin mass, red cell volume
or any other red cell indices compared with a CON group62 67


(see ref. 2 for further discussions).
Compared with sea-level training, IHT has the potential to


induce a further physiological strain68 and specific molecular
adaptations,11 12 69 though not necessarily associated with
improved exercise capacity. The rationale of using IHT relies on
the hypothesis that these muscle adaptations surpass those trig-
gered by normoxic exercise. In particular, the lower partial pres-
sure of oxygen (PO2) in muscle tissue during IHT when
compared with INT would lead to a larger upregulation of
HIF-1α.11 12 62 In untrained or moderately-trained participants,
muscular adaptations occurring in response to IHT include—
but may not be limited to—an increased citrate synthase activity,
mitochondrial density, capillary-to-fibre ratio and fibre cross-
sectional area as well as upregulation of factors of mitochondrial
biogenesis or enzymes implicated in carbohydrate and mito-
chondrial metabolism, oxidative stress defence and pH regula-
tion.10 11 47 52 59 70 71 However, as stated recently,9 one may
question the functional significance of these physiological adap-
tations (eg, larger increase in citrate synthase activity in IHT
than in INT) since the effects of IHTon endurance performance
measured in normoxia are ‘minimal and inconclusive in trained
athletes’.21


Several authors have reported additional adaptations poten-
tially favourable to high-intensity exercises. These include


improvements in muscle O2 homeostasis and tissue perfusion
induced by improved mitochondrial efficiency, control of mito-
chondrial respiration,71 72 angiogenesis73 and muscle buffering
capacity.74 However, the translation into enhanced performance
is not always observed and when it does occur, it may be irrele-
vant for team sports. Hence, non-specific IHT protocols or
inappropriate performance tests—that is, evaluating endurance
capacity (with VO2max tests or time trials) but neglecting indices
of match-related performance such as RSA—have been mainly
conducted so far.


With the exception of studies performed at an intensity corre-
sponding to the second ventilatory threshold,12 59 72 where the
increased expression of factors involved in glucose uptake, oxi-
dative stress defence and pH regulation was associated with an
increased endurance performance capacity, most of the IHT
studies (including those with some muscle adaptations) did not
report any additional performance benefit of IHT over INT. In
untrained participants, the effect of training seems to predomin-
ate, overwhelming any additional effect of hypoxia.75


Furthermore, Levine75 convincingly argued that, compared to
similar training in normoxia, IHT quite likely induces a lower
stimulus for the active musculature since the lowered power
output76 and the reduced oxygen flux resulting from hypoxia
would be associated with a downregulation of muscle structure
and function.


Performance improvement with RSH
Some of the methodological limitations related to IHT have
been overcome in recent studies investigating a new hypoxic
training strategy named RSH.63–65 RSH is based on the repeti-
tion of ‘all-out’ efforts of short (≤30 s) duration interspersed
with short incomplete recoveries. This model differs from IHT
since the intensity of the training stimulus is maximal and there-
fore allows one to maintain high FT recruitment so that positive
results can be expected when adding hypoxia to training. RSH
is particularly interesting since, under hypoxic conditions
(<3800 m), a single sprint performance of short duration
(<10 s) is generally preserved, whereas fatigue resistance during
RSA tests is reduced with earlier and larger decrements in mech-
anical work.77–79


Recently, we65 showed that RSH delays fatigue during a
repeated sprint test to exhaustion. In that study, 50 trained ath-
letes were randomly dispatched in three different intervention
groups (RSH: 3000 m, FiO2 14.5%; RSN: 485 m, FiO2 20.9%
and CON: no specific sprint training) and tested twice (before
and after a 4-week training protocol including two repeated
sprint training sessions per week) for the determination of


Table 1 Continued


Author (year) Participants
Design (number of training sessions, type, altitude and training
content) Groups


Statistically significant
results (p<0.05)


Faiss et al (2013)65 Moderately
trained cyclists


8 over 4 weeks, cycling, 3000 m (NH). 3×5 all-out 10 s sprints
interspersed with 20 s recovery at 120 W


RSH, N=20 6% sprint PO, 38%
completed sprints in RSA test


RSH, N=20 7% sprint PO, no change in
completed sprints


CON, N=10 NS changes


This table is limited to investigations with a group training in hypoxia (IHT, IHIT or RSH) and a group training in normoxia (INT or RSN). CON group without training present in two
studies. Altitude described as either HH or NH. A significant difference between groups is shown in italics (p<0.05).
CON, control group; HH, hypobaric hypoxia; IHT, intermittent hypoxic training; IHIT, intermittent hypoxia interval training; INT, intermittent training in normoxia; LT4, power output
corresponding to 4 mmol blood lactate; MVC3, peak maximum voluntary contraction in 3 s; MVC30, area under the peak 30 s maximal voluntary contraction curve; NH, normobaric
hypoxia; NS, non-significant; PO, power output; PPO, peak power output; REPS201RM, repetitions at 20% of 1 repetition maximal load; RSA, repeated sprint ability test to exhaustion;
RSH, repeated sprint training in hypoxia; RSN, repeated sprint training in normoxia; TT, time trial; Tlim, time to exhaustion; VO2max, maximal oxygen uptake; vVO2max, velocity associated
with VO2max.
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endurance performance, anaerobic capacity and RSA. If endur-
ance performance (during a 3 min ‘all-out’ time trial) was not
increased, RSN and RSH improved the average power output
during 10 s sprints (by 6–7%) and a 30 s Wingate test (by 3–
5%), although a major additional benefit of RSH compared
with RSN was found. The number of sprints completed during
an RSA test to exhaustion was improved by 40% only after
RSH: an average of 9 sprints was performed before training in
both groups but 13 after RSH and still 9 after RSN. The rele-
vance of the observed improvement in RSA in team-sport ath-
letes is unanswered yet since the direct translation of RSA to the
team game result is questionable.40


Puype et al63 then showed that RSH improved by 7% the
power output, corresponding to 4 mmol blood lactate during a
maximal incremental test, while it did not change after RSN.
However, in that study, the gains in power output during a
10 min time trial (6–7%) or VO2max during an incremental test
(6%) were similar after RSH and RSN. Interestingly, the phos-
phofructokinase activity was markedly increased (59%) only
after RSH, quite likely reflecting an upregulation of muscle
glycolytic capacity. Since the performance tests were limited to
longer aerobic efforts, they cannot be linked directly to physical
performance improvement.


Furthermore, Galvin et al64 recently showed in rugby players
a 19% additional benefit of RSH compared with RSN in high-
intensity intermittent running performance (Yo-Yo IR1 test80).
This substantially higher performance improvement has import-
ant practical implications since the Yo-Yo test correlates very well
with physical performance and the amount of high-intensity
running in several team sports such as soccer, basketball, rugby
and handball.64


Thus, RSH was shown to be as efficient as RSN in improving
power output on a single sprint (5–7%) when including 10 s
sprints interspersed with 20 s recoveries65 or 30 s sprints with
270 s recoveries63 (table 1). Additionally, but only after RSH,
cycling power output corresponding to 4 mmol of lactate during
an incremental test63 and high-intensity intermittent running
performance were significantly improved64 only after RSH
while fatigue development was delayed during a repeated
cycling sprint test performed until exhaustion.65


Physiological mechanisms and promises of RSH
We hypothesised that RSH would induce beneficial adaptations
mainly due to the improved blood perfusion level inducing an
enhanced O2 utilisation and an improved behaviour of FT
fibres. With maximal effort intensities, specific skeletal muscle
tissue adaptations (molecular level) may arise through the
oxygen-sensing pathway (ie, capillary-to-fibre ratio, fibre cross-
sectional area, myoglobin content and oxidative enzyme activity
such as citrate synthase) that either do not occur in normoxic
conditions or, if they do, they do so to a lesser degree.10–12


Additionally, exercising in hypoxia is known to trigger a com-
pensatory vasodilation to match an increased oxygen demand at
the muscular level.81


Increasing evidence indicates that neuromuscular (muscle con-
tractility and/or activation), biomechanical (running economy)
and metabolic (muscle and/or cerebral deoxygenation/reoxy-
genation kinetics) factors may also play key roles in the
hypoxia-induced mechanisms in response to maximal-intensity
intermittent exercises. For instance, it is generally accepted that
neuromuscular transmission and action potential propagation
along with muscle fibres (sarcolemma excitability) remain
unchanged with acute hypoxia in relaxed muscles or during
brief contractions.82 Indirect evidence rather suggests that the


increased rate of fatigue seen at altitude may be the result of a
more rapid accumulation of Pi during each sprint and a reduced
rate of its removal during recovery.38 83 Repeated sprints result
in large changes in PCr and H+ concentrations. However, the
restoration of power output during repeated sprints seems to be
influenced more by the muscle energy supply (eg, PCr resynth-
esis) than by the recovery of muscle pH.39 However, enhanced
buffer capacity or upregulation of genes involved in pH control
has also been reported after RSH63 65


Moreover, performance decrements are also likely to be
explained by a reduced neural drive to the active musculature,
(estimated by surface electromyography) arising secondary to a
stronger reflex inhibition due to brain hypoxia84 or a
hypoxia-induced increased level of intramuscular metabolites
known to stimulate group III–IV muscle afferents.83


Furthermore, larger cerebral deoxygenation levels77 and slower
reoxygenation rates during recoveries85—which strongly correl-
ate with the exacerbated reduction in mechanical work in
hypoxia during an RSA test—have also been observed with
acute altitude exposure. As exercise intensity increases, glyco-
lytic FT muscle fibres are preferentially recruited,86 while at
lower intensity (eg, <VT2) oxidative slow twitch (ST) and FT
muscle fibres are solicited.


During sprints in hypoxia, the compensatory vasodilation
(with an increase in blood flow) that aims at maintaining con-
stantly the total O2 delivery to the muscle is quite likely
maximal since exercise intensity is essential in the amplitude of
this compensatory mechanism.81 FT fibres are quite likely to
benefit more than ST fibres from the higher blood perfusion.
Hence, owing to their greater fractional O2 extraction if highly
perfused,87 the enhanced microvascular O2 delivery to FT
would ‘make FT to behave more like their oxidatively efficient
ST counterparts’.88 So, RSH efficiency is likely to be fibre-type
selective and intensity dependent and therefore based on
mechanisms presumably different from those associated with
IHT. We speculate here that the improved responsiveness of the
vascular bed and the improved blood perfusion through nitric
oxide (NO)-mediated vasodilation mechanisms81 could be para-
mount in RSH. Further investigations into the NO pathway
(neuronal NO synthase (nNOS) and endothelial NO synthase
(eNOS)) are required in RSH to determine whether mechanisms
other than NO-mediated vasodilation are also involved.
Moreover, fibre-type selective peripheral vascular effects of
nNOS-derived NO have been reported during high-speed tread-
mill running, whereas these effects were not seen at slower
speeds.89 It is, however, striking to note in two recent studies89
90 a similar fibre-type mechanism on dietary nitrate (NO3


−) sup-
plementation that enhances blood flow. With NO3


− supplementa-
tion, blood flow and vascular control were indeed augmented
mostly in FT,90 partly due to the lower microvascular PO2 in
contracting FT.87 Interestingly, an elevated microvascular PO2 is
known to reduce PCr breakdown38 and speed PCr recovery
kinetics.


Adding a hypoxic stimulus to training can modulate the PCr
resynthesis during exercise. In support of this suggestion,
Holliss et al62 reported that single leg-extension IHT results in a
faster PCr recovery from high-intensity exercise in hypoxia
(with only a tendency observed in normoxia). However, exercise
tolerance during an incremental test to the limit of exhaustion
either in normoxia or hypoxia was not different between IHT
and INT. The authors speculated that the faster PCr resynthesis
observed after IHTwas probably not due to an enhanced mito-
chondrial biogenesis but most likely due to a greater enhance-
ment of muscle O2 delivery. Overall, a faster PCr resynthesis
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resulting from RSH would manifest because of better mainten-
ance of power production (better recovery between efforts)
during intermittent, high-intensity exercises.


The latter could arguably contribute to the increased RSA
performance observed in normoxia after RSH.65 By challenging
the functional reserve in the muscle oxygen diffusing capacity
most likely utilised in hypoxia,91 repeated maximal efforts in
hypoxia have the potential to stimulate beneficial adaptations in
terms of PCr resynthesis and oxygen utilisation mediated by
HIFs at the muscular level. By extension, the positive impact of
RSH on glycolytic performance and skeletal muscle adaptations
may lead to putative strong benefits for team sports like football,
rugby union or Australian football, where the ability to repeat
high-speed runs during an entire game is essential for overall
performance.92 At this stage, however, specific mechanisms that
may enhance performance with RSH are still to be determined
with further studies.


CONCLUSION
A thorough analysis of studies that have used IHT leads to strik-
ingly poor benefits for sea-level performance improvement,
compared to the same training protocol performed in
normoxia.


Despite the positive molecular adaptations observed after
various IHT modalities, the characteristics of optimal training
stimulus in hypoxia are still unclear and their functional transla-
tion in terms of whole-body performance enhancement is
minimal.


To overcome some of the inherent limitations of IHT (lower
training stimulus due to hypoxia), recent studies have investi-
gated a new training method based on the repetition of ‘all-out’
sprints in hypoxia, the so-called RSH. The succession of
maximal efforts under hypoxic conditions was shown to be
beneficial for maximal performance improvement and especially
to delay fatigue when sprints with incomplete recoveries were
repeated until exhaustion.


RSH is therefore proposed as a promising training strategy in
intermittent sports to eventually improve match-related per-
formance. Since team sports are characterised by intense exer-
cise bouts repeated throughout a game, delaying fatigue and
improving the ability to repeat sprints are crucial for the
improved physical involvement of players.


Until now, there is scant evidence of the additional benefits of
high-intensity training performed in hypoxia compared to the
same training in normoxia on RSA. Until new evidence is pro-
vided, it is felt that compared to IHT, RSH is based on different
fundamental mechanisms that are likely to be fibre-type selec-
tive, while the positive adaptations are probably dependent on
the compensatory vasodilatory effects on the behaviour of FT
fibres.


Yet, further studies with large sample sizes and double-blinded
designed protocols are needed to endorse the efficacy of RSH.
Then, in order to robustly assess the true benefits of RSH versus
traditional IHT, both training strategies must be directly com-
pared in the same experimental test setting. Judging the impact
of RSH on athletic performance in various team sports could be
best improved by testing, for example, specific work-to-rest
ratios or the efficacy of different ‘hypoxic doses’. Finally, if the
efficacy of RSH is confirmed in more ecological situations
(including overground sprints in hypoxic marquees rather than
cycling an ergometer), it could then be readily implemented in
the yearly periodisation of intermittent disciplines.


What are the new findings


▸ This review critically analyses the results of the studies
involving high-intensity exercises performed in hypoxia for
sea-level performance enhancements by differentiating
intermittent hypoxic training (IHT) and repeated sprint
training in hypoxia (RSH).


▸ IHT leads to strikingly poor benefits for sea-level
performance improvement, compared to the same training
protocol performed in normoxia.


▸ RSH is a promising training strategy that has been shown to
delay fatigue when sprints with incomplete recoveries are
repeated until exhaustion.


How might it impact on clinical practice in the near
future


▸ This review will help athletes and teams in intermittent
sports by providing an overview of the current scientific
knowledge about intermittent hypoxic training and repeated
sprint training in hypoxia (RSH).


▸ New studies are proposed to judge the efficacy of RSH in
team sports and to determine the specific mechanisms that
may enhance the team game results with RSH.
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ABSTRACT
Repeated sprint ability (RSA) is a critical success factor
for intermittent sport performance. Repeated sprint
training has been shown to improve RSA, we
hypothesised that hypoxia would augment these training
adaptations. Thirty male well-trained academy rugby
union and rugby league players (18.4±1.5 years,
1.83±0.07 m, 88.1±8.9 kg) participated in this single-
blind repeated sprint training study. Participants
completed 12 sessions of repeated sprint training
(10×6 s, 30 s recovery) over 4 weeks in either hypoxia
(13% FiO2) or normoxia (21% FiO2). Pretraining and
post-training, participants completed sports specific
endurance and sprint field tests and a 10×6 s RSA test
on a non-motorised treadmill while measuring speed,
heart rate, capillary blood lactate, muscle and cerebral
deoxygenation and respiratory measures. Yo-Yo
Intermittent Recovery Level 1 test performance improved
after RS training in both groups, but gains were
significantly greater in the hypoxic (33±12%) than the
normoxic group (14±10%, p<0.05). During the
10×6 s RS test there was a tendency for greater
increases in oxygen consumption in the hypoxic group
(hypoxic 6.9±9%, normoxic (−0.3±8.8%, p=0.06) and
reductions in cerebral deoxygenation (% changes for
both groups, p=0.09) after hypoxic than normoxic
training. Twelve RS training sessions in hypoxia resulted
in twofold greater improvements in capacity to perform
repeated aerobic high intensity workout than an
equivalent normoxic training. Performance gains are
evident in the short term (4 weeks), a period similar to a
preseason training block.


INTRODUCTION
Most team and racket sports involve repeated short
duration sprints (<10 s) with brief recovery inter-
vals (<60 s). To achieve a high level of such
repeated sprint ability (RSA), athletes must reach
high peak speeds (power output) during the initial
sprint efforts, as well as incur minimal performance
loss in subsequent efforts.1 Performance during RS
exercise is limited predominantly by two factors:
(1) the ability to match ATP resynthesis rate to util-
isation rate and (2) altered extracellular and intra-
cellular ion concentrations. After a single maximal
6 s cycle sprint, muscle phosphocreatine (PCr) is
decreased to 35–55% resting level and only
recovers to 69% of the initial resting level after
30 s recovery.2 After repeated cycle sprints: 5 and
10×6 s cycle sprints with 30 s recovery intervals,
PCr levels are only 27% and 16% resting level,
respectively.2 3 The resynthesis of PCr is important
for performance as following 10×6 s sprints, PCr
resynthesis is correlated with total work performed
during a further bout after a 5 min rest period.4 In
addition, non-oxidative glycolytic contribution to


ATP resynthesis declines over successive sprints,
seemingly due to lower glycogenolysis and
increased activation of pyruvate dehydrogenase
complex such that a greater proportion of pyruvate
is oxidised.2 With successive sprints therefore there
is a decline in ATP resynthesis from PCr hydrolysis
and non-oxidative glycolysis, with increasing oxida-
tive contribution resulting in slower ATP resynthesis
and deterioration in work capacity/performance. In
addition, increased extracellular K+ and H+ may
perturb generation and conduction of sarcolemmal
action potentials and the release of Ca2+ from the
sarcoplasmic reticulum into the myoplasm, thus
inducing peripheral neuromuscular fatigue.5 Central
fatigue has also been observed after repeated sprint
exercise with an increased twitch force elicited by
electrical stimulation of the femoral nerve after
repeated sprints,6 7 indicating insufficient or ineffi-
cient central neural drive. The central nervous
system is directly sensitive to alterations in oxygen
delivery8 and afferent signals from the muscles can
also alter central neural function.9 During RS in
normoxia cerebral oxygenation and power output
decrease in parallel.10 These changes are exacer-
bated in hypoxia and there is an increased suprasp-
inal contribution to fatigue.11–13 A recent review of
optimal training practices to enhance RSA con-
cluded that, due to these multiple dependencies of
RSA, a combination of high intensity interval,
repeated sprint and strength/power training is
required.14


RS training (typically 6–15 repetitions of 6 s
sprints) 3–5 times/week for 4 weeks has been shown
to improve peak and mean speed by up to 6%,15 16


possibly due to enhancing muscle oxygen extrac-
tion,17 greater activation of type II muscle fibres3


and altered signalling related to mitochondrial bio-
genesis.18 Training, particularly high-intensity train-
ing, in hypoxia has been shown to augment
peripheral adaptations to training, such as improved
oxidative enzyme activity,19 length density and mito-
chondrial volume density,20–22 as well as increased
expression of hypoxia inducible factor-1α and
downstream genes related to oxygen transport and
utilisation.20 Hypoxic training appears to possess the
ability to develop many of the components that con-
tribute to RSA, and there is some direct evidence
that hypoxic training can enhance sprint perform-
ance: improved mean repeat sprint power in kaya-
kers23 and anaerobic performance in a maximal 30 s
cycle in endurance athletes,24 potentially due to
improved oxygen transport and increased glycolytic
activity.25 26 However, until today only one pub-
lished study has adopted a repeated sprint training
protocol (cycling) in a hypoxic environment (0.14
FiO2) and found increased expression of genes relat-
ing to oxygen transport and glycolysis as well as
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increased exercise capacity when compared to normoxic train-
ing.27 Selection of an appropriate hypoxic dose will be critical to
maximise training adaptation since if too severe, hypoxic expos-
ure will also impair repeated sprint speed and exacerbate fatigue.
This is likely to compromise training quality and hence counter-
act the possible benefits to be derived from the greater physio-
logical load. We recently found that RS running (10×6 s sprints)
at 0.13 FiO2 increased the physiological responses but did not
exacerbate the speed decrement associated with hypoxic train-
ing.28 The purpose of the present study was to determine
whether 12 sessions of repeated running sprint training in 13%
FiO2 improved measures of sports specific endurance perform-
ance to a greater extent than the equivalent training in normoxia.


METHODS
Type of study
Well-trained academy rugby league and rugby union academy
players were randomised to complete 4 weeks of hypoxic or
normoxic repeated sprint training during the preseason period.


Selection of participants
A total of 42 well-trained academy rugby union and rugby
league players were recruited to take part in the study (18.4
±1.5 years, 183.0±6.6 cm, 88.1±8.9 kg), which was conducted
in accordance with the Declaration of Helsinki 2008.
Participants completed a health questionnaire and stated that
they had no previous acute mountain sickness, ascent >3000 m
in the past 3 months, musculoskeletal injury in the past
6 months or medication during the trial. All participants com-
pleted a written informed consent document. Of the 42 partici-
pants, 30 completed the training protocol, due to missed
training sessions (n=8) and injury (n=4). All RS training
replaced field based speed sessions.


Experimental procedure
Participants were split into two groups matched for body size
and initial fitness levels, in a single-blind, placebo-controlled
design. On the coaches’ request all participants were told they
were in the experimental group. Participants completed 4 weeks
of RS training on a non-motorised treadmill. Pretraining and
post-training, treadmill speed, oxygen consumption (VO2), car-
bondioxide consumption (VCO2), VE (minute ventilation),
respiratory exchange rate (RER) cerebral and quadriceps deoxy-
genated haemoglobin (HHb), heart rate (HR) and SaO2 were
measured during a normoxic RS bout on a non-motorised tread-
mill and participants also completed field performance tests.


Testing protocol
Familiarisation occurred on three consecutive days 48 h before
the first testing day and consisted of participants completing the
RS protocol outside and then on the non-motorised treadmill.
Participants were instructed to refrain from caffeine or alcohol
for 48 h prior to all testing and on arrival to pretesting all parti-
cipants completed a standardised 15 min sports specific warm
up including dynamic stretches and acceleration drills.
Participants completed a 20 m maximum sprint, collecting data
at 5, 10 and 20 m using lightgate timing devices (Smartspeed,
Fusion Sport Ltd, Australia). This was repeated three times with
a 3 min rest between repetitions. Participants then completed an
RSA test, in which ten 20-m sprints were completed with 30 s
rest intervals. Time for each repetition was recorded and
totalled, while speed decrement was calculated using the equa-
tion of Girard et al29 Finally all participants completed a 20-m


shuttle test (Yo-Yo Intermittent Recovery test Level 1 (Yo-Yo IR1
test), BangsboSport, Denmark).


After 48 h rest, participants arrived at the laboratory and
completed the standardised warm up. Near infrared-
spectroscopy (NIRS) optodes (NIRO 200, Hamamatsu
Photonics KK, Japan) were applied to the skin surface above
m. vastus lateralis of the left leg and above the left eye to
observe the changes in muscle and cerebral tissue deoxygenation
(HHb). The [HHb] signals for cerebrum and quadriceps were
zeroed after 5 min quiet standing. An HR belt (Suunto Memory
Belt, Suunto, Finland) was secured around the chest and a pulse
oximeter (Nonin’s 3100 WristOx, Minnesota, USA) was placed
on the index finger of the right hand. Finally a face mask was
fitted to record the respiratory responses to the exercise proto-
col through a gas analyser system (MetaMax 3B; Cortex
Biophysik, Leipzig, Germany). The RS test was completed in
normoxia and consisted of 10, 6 s sprints on a non-motorised
treadmill (Woodway Curve, Woodway, Germany) interspersed
with 30 s recovery followed by 5 min static recovery. During the
test, speed was monitored using a bespoke infrared reflective
system and data-logging device (PicoLog 1012, Pico Technology,
UK). Capillary blood samples were taken from the left ear lobe
pretesting, immediately postcompletion and 5 min after sprint
completion, then analysed for blood lactate (BLa) content using
a hand-held LactatePro analyser. Strong verbal encouragement
was given during all repetitions throughout the testing. Data
were analysed off-line using custom written scripts developed in
Spike2 software (CED, Cambridge, UK).


Training protocol
Participants completed training at the same time each day in
place of RS activity during field based training. Similar to the
testing procedure participants completed the standardised warm
up and once on the treadmill attached a face mask that was con-
nected to a portable hypoxic generator (Everest Summit II
Hypoxic Generator, Hypoxico Inc, New York, USA).
Participants were either exposed to hypoxic gas (13% FiO2) or a
placebo normoxic gas (21% FiO2) throughout the entire proto-
col. Each session consisted of the same RS procedure as during
testing.


Data acquisition—NIRS
A modified form of the Beer-Lambert law is used to calculate
micromolar changes in tissue deoxyhaemoglobin concentration
[HHb] across time based on the difference between the optical
densities of the emitted and reflected NIR light with two wave-
lengths (763 and 855 nm). The temporal changes in [HHb] are
dependent on O2 extraction dynamics and are considered rela-
tively independent of blood volume changes in the field of
NIRS interrogation.30 Thus, we used the changes in [HHb]
prior to each sprint to estimate the differences in intramuscular
and cerebral deoxygenation status induced by RS training in
hypoxia and normoxia.


Data acquisition—pulmonary gas exchange
Breath-by-breath pulmonary gas exchange data were recorded
throughout the RS protocol using a portable gas exchange
system (MetaMax 3B; Cortex Biophysik, Leipzig, Germany).
The area under the curve of the time by VO2 and ventilation
(VE) traces were calculated for the different periods of the
protocol: during sprints, during the recovery between sprints,
during the 5 min recovery period as well as total areas under
the curve for the entire protocol.
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Statistical analysis
Data are presented as mean±SD. The data set for each variable
was tested for normal distribution with the Kolmogorov-Smirnov
statistic. Speed, SaO2, HR, VO2, VCO2, VE and BLa data were
analysed by two-way repeated measures ANOVA (time×condi-
tion). Presprint HHb for cerebral and quadriceps were analysed
by three-way repeated measures ANOVA (time×condition×-
sprints). Post hoc paired sample t tests, corrected for multiple
comparisons using the Holm-Sidak step down procedure, were
used to locate the specific site of any interaction effect identified.
Data were analysed using SPSS V.19.0 for Windows (SPSS,
Chicago, Illinois, USA). The level of statistical significance was set
at p<0.05.


RESULTS
Field testing
Training significantly increased distance covered in the Yo-Yo
IR1 test (table 1) and gains were significantly greater in the
hypoxic (33±12%) than the normoxic group (14±10%,
p=0.002). Five metre sprint performance and total time taken in
the 20 m RS test improved after training (p<0.05), but there
were no significant differences between the hypoxic and normoxic
training groups (table 1). There were no significant changes to 10
or 20 m sprint performance or speed decrement in the 20 m RSA
test (prehypoxic 4.0±3.0% and posthypoxic 2.7±1.6% vs pre-
normoxic 5.1±3.9 and postnormoxic 3.7±2.1%, time effect
p=0.317).


Physiological measures during RSA laboratory test
VO2, VCO2, VE, SaO2, HR and BLa
There was a tendency for a greater increase in total oxygen con-
sumed during the test after hypoxic than normoxic training
(hypoxic 6.9±9%, normoxic −0.3±8.8%, independent t test,
p=0.06; table 2). There was a significant increase in total VCO2


for both groups (hypoxic 8.1±8.9%, normoxic 5.6±9.5%,
p<0.05), but no significant difference between the groups (table 2).
There was no significant change in total VE, SaO2, peak HR or
capillary BLa concentrations after hypoxic or normoxic training
and no difference between groups (table 2).


Cerebral and quadriceps deoxygenation
Cerebral deoxygenation (HHb presprint) tended to be lower
across sprints after hypoxic training, but there was no change in
response after normoxic training (time×condition×sprints,
p=0.09; figure 1). Quadriceps deoxygenation during the
repeated all-out sprints did not change as a result of training
(p=0.948; figure 2).


Distance covered and speed decrement
Total distance covered throughout the treadmill RSA test
improved after training in both groups (p=0.02) but this was
not statistically significant between the groups (p=0.263).
Speed decrement during the RSA test improved after training in
both groups (p=0.059) and improved to a greater extent in the
hypoxic (27±37%) than in the normoxic group although non-
significantly due to variability in the data (1±51%; p=0.122;
table 2).


Table 1 Field testing performed in normoxia before (PRE) and after (POST) 4 weeks of training in either hypoxia (HYP) or normoxia (NRM) (n=30)


HYP NRM p Value


PRE POST PRE POST Time Time×condition


5 m (s) 1.06±0.06 1.04±0.05 1.08±0.04 1.05±0.06 0.01 0.785
10 m (s) 1.79±0.10 1.75±0.06 1.82±0.05 1.80±0.08 0.064 0.765
20 m (s) 3.05±0.10 3.05±0.11 3.12±0.13 3.09±0.12 0.12 0.413
20 m RSA (s) 32.2±1.1 31.9±1.2 32.7±1.2 32.3±1.3 0.039 0.391
YoYo IR1 (m) 1237±265 1621±364 1374±361 1594±379 <0.001 0.002


Values are expressed as averages±SD.
RSA, repeated sprint ability, Yo-Yo IR1, Yo-Yo Intermittent Recovery Level 1 test.


Table 2 Physiological parameters of RSA test on non-motorised treadmill performed in normoxia before (PRE) and after (POST) 4 weeks of
training in either hypoxia (HYP) or normoxia (NRM) (n=26)


HYP NRM p Value


PRE POST PRE POST Time Time×condition


VO2 (litres) 31.7±3.9 33.6±2.6 32.3±3.4 32.2±3.1 0.144 0.104
VCO2 (litres) 30.5±3.2 32.9±2.6 30.3±2.9 31.9±1.8 0.002 0.289
VE (litres) 1046±213 1124±131 1009±137 1022±93 0.179 0.347
SaO2 AVERAGE (%) 94.1±1.7 95.5±1.6 95.0±2.8 96.2±1.6 0.114 0.868
HRPEAK (bpm) 179±5 178±6 182±7 179±8 0.426 0.14
Lapost (mmol/L) 10.1±2.0 11.0±2.5 10.1±2.4 10.0±2.0 0.597 0.47
La5post (mmol/L) 11.3±1.8 12.0±1.6 12.5±1.9 11.6±2.1 0.988 0.409
Distance covered (m) 433.7±19.9 448.6±22.0 431±25.8 437.5±21.2 0.024 0.263
Speed decrement (%) 6.1±2.2 4.4±1.2 5.2±2.1 5.2±1.94 0.059 0.122


Values are expressed as averages±SD.
Yo-Yo IR1, Yo-Yo Intermittent Recovery Level 1 test.
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DISCUSSION
Four weeks of RS training in normobaric hypoxia resulted in
significantly greater improvements in the Yo-Yo IR test than
equivalent training conducted in normoxia. Participants also
tended to cover more distance with a smaller speed decrement
and consume a larger volume of oxygen during the 6-s RS test
after hypoxic training indicating greater total energy expend-
iture and work performed (table 2). This performance improve-
ment was perhaps possible as a consequence of the lesser
cerebral deoxygenation incurred during RS after hypoxic train-
ing, since cerebral deoxygenation has been related to central
fatigue.12


The hypoxic group had a twofold greater increase in distance
covered in the Yo-Yo test (33%) compared to the normoxic
group (14%) after 4 weeks of training (12×RS sessions), which
compares favourably to the training induced improvements
observed in previous studies (7 weeks RS vs interval training
+28 vs +13%31; 10×RS training sessions, +8%18). The Yo-Yo
IR test is correlated with physical performance and the amount
of high-intensity running in soccer,32 basketball,33 rugby
league34 and handball.35 Hence the magnitude of Yo-Yo IR1 per-
formance improvement induced by hypoxic RS training is likely
to translate to improved intermittent sport performance. Yo-Yo
performance is 9.5% higher in elite (international honours)
than moderate elite (professional leagues) football players,
which correlates with a 10% increase in distance covered at
high intensities (200 m) during a game.32 On this basis, the


large gains in Yo-Yo performance in the hypoxic group in the
present study would translate to an extra 600 m distance
covered at a high intensity in a match. To put into perspective
for our participants, elite rugby players have been shown to
achieve a significantly higher distance covered in the Yo-Yo IR1
than subelite players (1660 m vs 1560 m).34 During our pretest-
ing, three players in the normoxic group and one in the hypoxic
group were in this elite category, while after hypoxic training
seven players moved into the elite category compared to only
two players in the normoxic group. This demonstrates that the
short term (4 weeks) use of hypoxic RS training is able to elicit
a greater gain in intermittent sports specific endurance than
7 weeks of traditional RS training.31 Therefore, this is a highly
practical and efficient preseason training technique.


In contrast to the improvement in Yo-Yo IR1 performance
which tests the athlete’s ability to repeatedly perform predomin-
antly aerobic high-intensity work,32 single maximal sprint per-
formance over 5, 10 or 20 m was not enhanced by hypoxic
versus normoxic RS training. In parallel with the enhanced
oxygen consumption during the RS protocol after hypoxic train-
ing, this suggests that oxidative rather than non-oxidative metab-
olism was enhanced by hypoxic RS training. This conclusion is
supported by the RS ability field test that showed no significant
improvement in either group after the training. The field test
involved 20 m RS whereas 6 s sprints were performed on the
treadmill equating to approximately 40 m. The absence of per-
formance improvement in the shorter test, which is more reliant


Figure 1 Change in cerebral deoxygenation (HHb) prior to each sprint repetition during pretesting (PRE) and post-testing (POST; n=26), # denotes


time×condition×sprints p=0.09 .
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on anaerobic energy systems,1 suggests that there is little adapta-
tion of the anaerobic systems in response to hypoxic RS in inter-
mittent athletes. This may have been because the training method
was one set of 10×6 s repetitions. Previous work in which glyco-
lytic activity was improved, used three sets of 5×10 s sprints with
adequate rest to ensure larger power outputs.27 However, this
protocol then failed to induce improvement in the 3 min all out
test in cyclists27 suggesting limited improvement in oxidative cap-
acity. This highlights the specificity of the adaptations induced to
the training protocol utilised (work and rest durations and work:
rest ratio) and hence the specific metabolic demands of the
training.


Total O2 consumption during the 6 s RS test tended to
increase after hypoxic training (Independent t test, p=0.06).
This presumably reflects a greater volume of work performed
in the hypoxic group, certainly total distance covered tended
to be greater after hypoxic training (table 2). The rapid compo-
nent of excess postexercise oxygen consumption (EPOC) is
thought to reflect the oxygen cost of PCr resynthesis,36 hence
the increased EPOC after hypoxic training may indicate
increased PCr turnover during the sprints. Postexercise capil-
lary BLa concentration was similar across trials suggesting no
change in non-oxidative glycolysis post-training, although
increased lactate removal through non-exercising muscles or
respiratory muscles37 cannot be excluded with the present
data. However, without muscle biopsy and/or 31P-MRS data


we are not able to determine the metabolic effects of hypoxic
RS training in the present study.


The ameliorated cerebral deoxygenation after hypoxic RS
training in the present study may allow maintained central drive
and contribute to an improved work capacity during posthy-
poxic training RS exercise. Central fatigue contributes to the
deterioration in performance during RS training as evidenced
by reduced voluntary activation.6 This may relate to reduced
cerebral oxygenation, since studies in hypoxia have demon-
strated that diminished cerebral oxygen availability is associated
with decreased central drive and fatigue. Specifically during RS
exercise, decreased cerebral oxygenation was associated with
decreased work capacity.38 39


What are the new findings?


▸ Well-trained academy rugby players performing repeated
sprint training in hypoxia achieved twofold greater
improvements in their capacity to perform repeated aerobic
high intensity work.


▸ Performance gains are evident in the short term (4 weeks),
a period similar to a preseason training block.


▸ Further work is required to identify the mechanisms of
adaptation.


Figure 2 Change in quadriceps
deoxygenation (HHb) prior to each
sprint repetition during pretesting
(PRE) and post-testing (POST; n=26)


.
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How might it impact on clinical practice in the future?


Athletes and teams in intermittent sports could confidently
choose to implement repeated sprint training sessions in
hypoxia to improve sports specific endurance in a relatively
short period of time.
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ABSTRACT
Objectives Water polo requires high aerobic power to
meet the demands of match play. Live high:train low
(LHTL) may enhance aerobic capacity at sea level. Before
the Olympics, the Australian women’s water polo team
utilised LHTL in an attempt to enhance aerobic fitness.
Methods Over 6 months, 11 players completed three
normobaric LHTL exposures (block 1:11 days at 3000 m;
block 2+3:9 days at 2500 m, 11 days normoxia, 10 days
at 2800 m). Haemoglobin mass (Hbmass) was measured
through carbon monoxide-rebreathing. Before each
block, the relationship between Hbmass and water polo-
specific aerobic fitness was investigated using the
Multistage Shuttle Swim Test (MSST). Effect size statistics
were adopted with likely, highly likely and almost
certainly results being >75%, >95%, >99%,
respectively. A Pearson product moment correlation was
used to characterise the association between pooled
data of Hbmass and MSST.
Results Hbmass (mean±SD, pre 721±66 g) likely
increased after block 1 and almost certainly after block
2+3 (% change; 90% confidence limits: block 1: 3.7%;
1.3–6.2%, block 2+3: 4.5%; 3.8–5.1%) and the net
effect was almost certainly higher after block 2+3 than
before block 1 (pre) by 8.5%; 7.3–9.7%. There was a
very large correlation between Hbmass (g/kg) and MSST
score (r=0.73).
Conclusions LHTL exposures of <2 weeks induced
approximately 4% increase in Hbmass of water polo
players. Extra Hbmass may increase aerobic power, but
since match performance is nuanced by many factors it
is impossible to ascertain whether the increased Hbmass
contributed to Australia’s Bronze medal.


INTRODUCTION
Water polo is a dynamic intermittent team sport,
requiring a high aerobic power to meet the high-
intensity demands of the game.1 2 When in the pool,
field players are continuously involved in match play;
requiring them to swim repeatedly from end to end,
interspersed with high-intensity actions, including
jumping, wrestling and sprinting.2 Indeed, the fre-
quent occurrence of high-intensity activity bouts
highlights the ability to perform such actions as an
important facet of the game.2 Recovery from high-
intensity actions requires the repletion of phospho-
creatine which in turn, is reliant on aerobic metabol-
ism. Therefore, a high aerobic power may also
benefit repeat-sprint ability3 4 as well as improving
overall match fitness.
Continuous swimming and small-sided games are


routine training methods of elite water polo
players; however, repetitive load on the shoulder
carries increased injury risk.5 6 Therefore, novel


interventions or activities which have potential to
enhance aerobic capacity without increasing muscu-
loskeletal load are attractive to team sports such as
water polo, particularly in an Olympic year when
player retention is critical.
Live high:train low (LHTL) altitude training is a


popular training modality among endurance ath-
letes and may enhance aerobic capacity at sea level7


through increase in haemoglobin mass (Hbmass).8


Although high-altitude training is not widely used
by team sports as a means of enhancing intermit-
tent high-intensity activity,9 a traditional live high:
train High (LHTH) approach has been successfully
utilised by some Australian rules football clubs in the
preseason,10 showing promise as an effective inter-
vention for enhancing aerobic fitness at sea level.
Before the 2012 Olympics, the Australian women’s


water polo team utilised simulated LHTL in an
attempt to enhance aerobic fitness. Here, we docu-
ment the changes in Hbmass during three LHTL
exposures.


METHODS
Subjects
The 2012 Olympic women’s water polo training
squad consisted of 20 players (4 goal keepers and
16 field players). Of these, altitude training was
deemed as ‘high risk’ for five field players due to
training age ( junior athletes), illness or injury. The
physical characteristics of the remaining 11 field
players who engaged in altitude training were; age:
25.4±2.9 year, height: 178.0±6.6 cm and body
mass: 77.8±10.8 kg. Athletes gave written informed
consent before participating.


Altitude exposure
Over 6 months (October–March), a total of three
simulated LHTL exposures were planned, compris-
ing of 14 h/day at 2500–3000 m, in a five-bedroom
normobaric hypoxic facility at the Australian
Institute of Sport (AIS, Canberra, Australia) as
follows: block 1 (n=9, October) comprised 11 days
at 3000 m, (preseason); block 2 + 3 (n=11,
February–March) comprised 9 days at 2500 m fol-
lowed by 11 days normoxia (at home) and then
10 days at 2800 m, (6 weeks preinternational com-
petition). During each altitude block, all training
sessions, including water polo, swimming and
weight training, were conducted in mild hypoxia
(Canberra, 580 m). Venous blood was obtained at
rest from an antecubital forearm vein prior to each
altitude exposure to ascertain serum ferritin, with
analysis performed on an Integra 400 (Roche
Diagnostics, Switzerland) automated biochemistry
analyser. All athletes were supplemented with oral
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iron daily throughout each camp (ferrous sulphate 305 mg).
Athletes identified as iron deficient (serum ferritin <35 mg/L)
prior to block 1 were instructed to continue supplementation
between blocks 1 and 2, with serum ferritin levels assessed
again prior to block 2+3.


Haemoglobin mass
Hbmass was measured using the optimised 2 min CO-rebreathing
technique11 on five occasions: pre (before block 1), postblock 1,
2 weeks postblock 1, before block 2 and after block 3.


A CO bolus of 1.2 mL/kg body mass was rebreathed with 3 L
of 100% oxygen for 2 min using a glass spirometer.
Carboxyhaemoglobin (HbCO) concentration of capillary blood
(finger-tip) was analysed using an OSM 3 hemoximeter
(Radiometer, Copenhagen, Denmark) before and 7 min after
inhalation of the bolus with the change in HbCO used to calcu-
late Hbmass as described previously.12 13 The typical error for
this test in our hands is 1.8%.14


Multistage shuttle swim test
At the start of blocks 1 and 2, aerobic fitness of all field players
was assessed using the Multistage Shuttle Swim test (MSST).15


Players were required to continuously swim a series of 10 m
shuttles between two lane ropes within a progressively decreas-
ing cued time frame. The time allowed for each shuttle was
reduced approximately every minute, with the swimming vel-
ocity required to meet each cue increased by 0.05 m/s. Players
were removed from the test when they failed to be within one
stroke of the lane rope on two consecutive occasions. The test
has previously been validated with elite water polo players, with
aerobic power shown to account for 78% of variance for MSST
score.15 Further, the MSST is a suitable tool for discriminating
players of different positions and playing standards16 as well as
a valid method for obtaining maximum heart rate.17


Unfortunately, due to time and training constraints it was not
possible to assess MSST following each hypoxic block.
Therefore the effect of LHTL on aerobic fitness could not be
determined.


Statistics
A contemporary approach to statistics was adopted since small
changes in performance can be meaningful in athletes.18


Differences and associated 90% confidence limits (CL), in
Hbmass changes after each altitude exposure were estimated to
define the practical significance of the results, as opposed to a
traditional significance and hypothesis testing. The magnitude of
change within each block, as well as compared with premeasures
was expressed as a standardised mean difference (Cohen effect
sizes) computed as the difference in the mean divided by the
between-subject SE, where a small effect is >0.2, moderate
>0.6 and a large effect >1.2. The smallest worthwhile change
was derived from Cohen’s Scale for effect sizes in which a small
effect is ≥0.2. Clear effects >75% likely positive were consid-
ered substantial, with the following descriptors attributed
accordingly: 75–95%, likely; 95–99%, very likely; >99%,
almost certainly.18


A Pearson product moment correlation was used to character-
ise the association between Hbmass and MSST. Data for every
field player who conducted both the MSST and an Hbmass test
at the same time point were pooled, regardless of whether the
player subsequently engaged in the LHTL block. Pooled data
comprised of 9 players prior to block 1 and 14 players prior to
block 2. Effect sizes of correlation coefficients were defined as


follows: trivial 0.0; small 0.1–0.3; moderate 0.3–0.5; large 0.5–
0.7; very large 0.7–0.9; nearly perfect 0.9 and perfect 1.0.18


Data are expressed as the mean and SD unless otherwise
stated. Data in graphs are presented as per cent changes from
baseline measures.


RESULTS
Prior to the first exposure mean (pre; mean±SD) Hbmass and
ferritin were 721±66 g (9.4±0.7 g/kg) and 50.6±28.8 mg/L,
respectively. A likely small increase in Hbmass (figure 1) was
observed after block 1 (% change; 90% CL, effect size: block 1:
3.7%; 1.3–6.2%, 0.37) and remained 2 weeks later (4.0%; 1.9–
6.1%, 0.40). Similarly, following block 2+3, an almost certainly
small increase in Hbmass was observed (4.5%; 3.8–5.1%, 0.41)
and was almost certainly moderately higher compared to pre-
values (8.5%; 7.3–9.7%, 0.87; figure 2).


Five players were identified at the start of block 1 as being
iron deficient (ferritin <35 mg/L). At the start of block 2, mean
ferritin had increased to 70.2±37.2 mg/L with only two players
<35 mg/L.


A very large correlation was observed between Hbmass (g/kg)
and MSST score (r=0.73; figure 3).


DISCUSSION
The main finding of the present study was small but worthwhile
changes in Hbmass of elite female water polo players were
observed following simulated LHTL altitude exposures of
10–11 days.


Hbmass response
Previously, an increase in Hbmass of 1% per 100 h of exposure
to either natural or simulated altitude has been documented19 20;
leading to current recommendations for endurance athletes
engaging in altitude training to aim for exposures of at least
2–3 weeks at greater than 2500 m.21 To our knowledge, the only
other published data available showing Hbmass changes in team
sport athletes after altitude training documents approximately
3% increase in Australian Rules football players after a 19-day
training camp at 2130 m.10 The substantial erythropoietic
response observed in these water polo players after a hypoxic


Figure 1 Individual (black circles) and mean changes (solid line) in
haemoglobin mass (Hbmass) following each simulated live high: train
low altitude exposure. Block 1: change in Hbmass following 11 days at
3000 m; 2 week post: changes in Hbmass versus premeasured 2 weeks
post block 1; block 2+3: change in Hbmass following 9 days at
2500 m, followed by 11 days in normoxia then 10 days at 2800 m.
Shaded area indicates typical error of Hbmass measurement.
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dose of only 150–160 h is therefore surprising, but may be
explained by the lower relative Hbmass of the players compared
with elite endurance athletes.22 23 It should also be noted that the
Hbmass time course and dose–response data available largely
refers to endurance athletes and may not directly translate to ath-
letes required to perform intermittent activity (eg, team sport).
However, if the aerobic system of these ‘intermittent’ athletes is
not maximally adapted through training,24 such athletes may
present with a greater capacity for adaptation than previously
expected. Further, the daily energy availability of team sport ath-
letes may assist to create an optimal state of erythropoiesis25 com-
pared with endurance athletes who may restrict energy intake.


The substantial and somewhat rapid Hbmass response
observed may also be related to the timing of each block during
the season. The players started block 1 in the base phase of
training, 1 month after the annual training break or ‘off-season’.
The exposure may have accelerated base phase training adapta-
tions that usually occur over several weeks to months.26 27


Interestingly, large changes were observed after block 2+3,
which was positioned in the precompetition phase. In the
absence of altitude training, such changes mid-season would


have required a substantial increase in training load—a 10%
change in training load of elite cyclists has previously been
related to only a 1% increase in Hbmass.14 Thus, in blocks 1
and 2+3, the use of simulated altitude training served to induce
haematological adaptations that could potentially enhance
oxygen transport capacity without requiring an increase in mus-
culoskeletal load, and potentially decreasing injury risk.5 6 In a
practical setting, the use of simulated LHTL may reduce the
need for extensive swimming (or running for land-based sports),
assisting in reducing the incidence of injury and induced fatigue,
providing more time for skill-based and decision making drills.


A number of confounding situations have been identified
which may blunt an erythropoietic response to altitude expos-
ure—namely iron deficiency, illness, inflammation or insufficient
energy availability.28 Five athletes were identified with serum
ferritin <35 mg/L prior to the first exposure, and it is possible
that their Hbmass response was blunted, despite the players
being supplemented with oral iron. Indeed, the mean increase
in Hbmass following block 2+3 was greater and coincided with
a higher mean ferritin of the players at the start of the exposure,
with only two players < 35mg/L.


Hbmass and MSST score
The relationship between Hbmass and VO2max has been
described previously.29 The slope of the regression line suggests
that at maximal performance, a 1 g increase in Hbmass is asso-
ciated with an increase in VO2max of 4 mL/min. In the present
study, MSST score was used as a surrogate for VO2max, display-
ing a strong correlation, and suggesting that increase in Hbmass
may enhance aerobic power in these players. Unfortunately,
since the MSSTwas not performed following each exposure we
are unable to determine whether the observed changes in
Hbmass did indeed result in improved water polo-specific
fitness. What’s more, whether altitude training induced adapta-
tions, or indeed changes in fitness per se, translate to an
improvement in team sport performance is near impossible to
determine, due to the complexity of team sport play.30


At the 2012 Olympic games, the Australian team were
required to play three games in succession which were extended
into ‘extra-time,’ and ultimately won the bronze medal. Aerobic
fitness was thus one of many important components in their
preparation and performance.


Limitations
The present study documents a real world example of LHTL
use by elite team sport athletes. However, the lack of a control
group presents a limitation which must be acknowledged when
interpreting our findings; since it is not known how much of
the observed increase in Hbmass could have been achieved
through training alone. The lack of a post-LHTL assessment of
aerobic fitness is also a limitation of the study. Without such
data we are unable to determine whether the LHTL exposures
resulted in improved aerobic fitness in addition to the enhanced
Hbmass observed, and thus scientific conclusions on the effect-
iveness of LHTL in this instance are difficult.


CONCLUSION
Relatively short duration exposures of simulated LHTL altitude
training induced small increases in the Hbmass of elite women
water polo players before the 2012 Olympics, which are likely
to be beneficial to aerobic power and repeat sprint ability.
However, since match performance is nuanced by many factors,
including skill, tactics and refereeing decisions, it is impossible
to ascertain whether the increased Hbmass contributed to


Figure 2 Individual (black circles) and mean changes (solid line) in
haemoglobin mass (Hbmass) following each simulated live high: train
low altitude exposure compared to preseason values. Block 1:11 days
at 3000 m; block 2+3: change in Hbmass following 9 days at 2500 m,
followed by 11 days in normoxia then 10 days at 2800 m. Shaded area
indicates typical error of Hbmass measurement.


Figure 3 Relationship between haemoglobin mass (Hbmass) and the
Multistage Shuttle Swim Test (MSST). Dotted lines indicate the 95%
confidence band of regression line.
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Australia’s bronze medal performance in London. Future
research should investigate the relationship between
altitude-induced changes in Hbmass and match fitness of team
sport athletes.


What are the new findings?


▸ Ten days of simulated live high:train low altitude training
increased haemoglobin mass (Hbmass) of iron supplemented
elite women water polo players by 3–4%.


▸ The time course of the erythropoietic response to simulated
altitude may be different for athletes engaged in
high-intensity intermittent activity (such as team sport) as
opposed to endurance athletes and may have implications
for the optimal timing and hypoxic dose for team sports.


▸ Hbmass of water polo players is strongly related to water
polo-specific aerobic fitness.


How might the findings impact on clinical practice in the
near future?


▸ Simulated live high:train low may provide an alternative
means of increasing oxygen transport capacity (through
haemoglobin mass) in water polo players without inducing
musculoskeletal load; however, whether these adaptations
translate to improved match fitness or performance remains
to be elucidated.


▸ Iron status should be assessed in all athletes prior to
engaging in altitude training.


▸ Team sport athletes may not require the same hypoxic dose
as endurance athletes.
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ABSTRACT
Background/aim With the evolving boundaries of
sports science and greater understanding of the driving
factors in the human performance physiology, one of the
limiting factors has now become the technology. The
growing scientific interest on the practical application of
hypoxic training for intermittent activities such as team
and racket sports legitimises the development of
innovative technologies serving athletes in a sport-
specific setting.
Methods Description of a new mobile inflatable
simulated hypoxic equipment.
Results The system comprises two inflatable units—
that is, a tunnel and a rectangular design, each with a
215 m3 volume and a hypoxic trailer generating over
3000 Lpm of hypoxic air with FiO2 between 0.21 and
0.10 (a simulated altitude up to 5100 m). The inflatable
units offer a 45 m running lane (width=1.8 m and
height=2.5 m) as well as a 8 m×10 m dome tent. FiO2


is stable within a range of 0.1% in normal conditions
inside the tunnel. The air supplied is very dry—typically
10–15% relative humidity.
Conclusions This mobile inflatable simulated hypoxic
equipment is a promising technological advance within
sport sciences. It offers an opportunity for team-sport
players to train under hypoxic conditions, both for
repeating sprints (tunnel configuration) or small-side
games (rectangular configuration).


USING SPORT-SCIENCE RESEARCH TO
IMPROVE PRACTICE
Sports-science research is concerned with providing
coaches and athletes support and expertise that
may improve athletic performance and/or reduce
the incidence of injury.1 To achieve these goals, it is
necessary to use the findings of well-designed pro-
tocols that range from ‘applied research’ (ie,
outcome directly applied in the sporting environ-
ment) through ‘basic research’ (ie, mechanistic
approach). However, in addition to some inherent
problems of transfer (eg, conservative coaching atti-
tudes, outdated coach education), the translation of
scientific knowledge to a practical setting is gener-
ally poor,2 especially in professional sport
applications.
The structure of scientific inquiry itself (ie, the


way in which research is conducted) undoubtedly
plays a role in the extent to which scientific knowl-
edge is implemented in everyday practice.3


Well-designed protocols using sport-specific condi-
tions (eg, for football players, on natural grass with
soccer boots) permit a more informative discussion
on how to better customise/apply research findings
in field conditions and vice versa and on how


applied experiments can be used to yield a deeper
understanding of inherent mechanisms.


ON-FIELD HYPOXIC TRAINING
Hypoxic/altitude training—whether it is the trad-
itional ‘live high-train high’ or the more recent ‘live
high-train low’—is a popular ergogenic aid among
competitive athletes.4 Owing to disruptions to their
normal training environment and lifestyle, it is,
however, not viable for all elite athletes to use
chronic altitude exposure strategies.
In order to simulate the physiological effects of alti-


tude, the technical development of new devices that
either decrease the pressure of the inspired air (hypoba-
ric chamber) or reduce the concentration of oxygen in
the inspired air by diluting it with extra nitrogen or fil-
tering out oxygen (altitude tents, hypoxicator
machines) has recently become available. These devices
have stimulated the development of a number of train-
ing procedures—intermittent hypoxic training4 and
repeated-sprint training in hypoxia5—to improve ath-
letic performance, yet mostly conducted with individ-
ual (endurance) athletes tested on a cycle ergometer.
Despite the belief that altitude exposure is a


promising strategy in team sports,4 6–9 the benefits
of altitude training on performance (repeated
sprint ability) and the physiological systems rele-
vant to team-sport athletes still need to be estab-
lished in more sport-specific test settings.


TECHNICAL SPECIFICITIES OF THE HYPOXIC
SYSTEM
A new mobile inflatable simulated hypoxic equipment
(Altitude Training Systems—High Performance Unit,
Australia) was designed to ISO standards (ISO
13485:2008) exclusively for Aspetar (Qatar
Orthopaedic and Sports Medicine Hospital) and
showcased for the first time during the Altitude
Training and Team Sports conference, held in Doha in
March 2013.


System specifications
The system comprises two inflatable units—that is,
a tunnel and a rectangular design (figure 1), offer-
ing each a volume of 215 m3—and a
state-of-the-art hypoxic trailer (55 kW screw com-
pressor), generating over 3000 Lpm of hypoxic air
with FiO2 between 0.21 and 0.10 (a simulated alti-
tude up to 5100 m). This hypoxic system would
offer team-sport athletes the ability to train in
sport-specific conditions for a variety of different
match-related activities and tasks. Hence, made
from industrial grade polyvinyl chloride (PVC), the
inflatable units offer a 45 m running lane
(width=1.8 m and height=2.5 m) to assist with
sprints and running simulations, as well as an
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8 m×10 m dome tent which can be utilised for small-sided
games and other skill-based training, for example, circuit
training.


FiO2 is measured every 5 s by two sensors located at two
points in the tunnel (15 and 30 m), that is, the average of the
two sensors being then displayed on the touch screen (figure 1,
bottom right panel). It is stable within a range of 0.1% in
normal conditions inside the tunnel. The stability is somewhat
dependent on the entry and exit of athletes in the tunnel, but
due to the high flow rate (3000 Lpm) the system can compen-
sate very quickly to remain stable at the desired level. The air
supplied is very dry—typically 10–15% relative humidity. This
dry air counteracts the humidity generated during the exercise,
usually resulting in comfortable humidity levels without the
need for dehumidification.


System usability
The inflatables are very easily inflated in just 20 min; then, by
connecting to the altitude trailer, the system can be up and
running in under 2 h. Once set up, it is possible to schedule ses-
sions for a week by programming the target simulated altitude
and the timing of the sessions. Because the time for changing
FiO2 is an important parameter in an applied setting, the simu-
lated altitude can be changed from one session to another to
better adjust to the characteristics of the athletes. In the tunnel,
the time for changing from sea level to a simulated altitude of
3500 m was measured twice and was 43 and 45 min,
respectively.


Statistics for the FiO2 (or equivalent altitude in m) set point
and level, temperature, FiCO2 level and line pressures over a
selected time period are available. FiCO2 is measured perman-
ently and the maximum is 5000 ppm. Safety is warranted by an
alarm if FiCO2 exceeds this value. Similarly, a low oxygen
warning is set to appear if the hypoxic level in the room reaches
1% below the FiO2 set point and automatic shutdown occurs in


such a hazardous situation. Preliminary testing showed that up
to 10 participants can perform 30 m repeated sprints in the
tunnel with FiCO2 stabilised at <3000 ppm.


POTENTIAL BENEFITS OF USING THE HYPOXIC SYSTEM
Discovering new possibilities
Using the mobile inflatable simulated hypoxic facilities will
undoubtedly contribute to advancing our understanding of
hypoxia-induced physiological adaptations by conducting rele-
vant research in the most sport-specific ecological test setting
(Bringing the Mountains to the field or even to the desert). While
most of the existing altitude training methods have been devel-
oped to serve the individual athlete, testing the efficacy of an
approach by combining different hypoxic methods—for
example, live high—train low and high interspersed, as sug-
gested by Millet et al4 or living high and training high and/or in
the heat—is now possible.


By closely matching the specific needs of team sport
players, the use of this equipment will open new frontiers to
optimise future hypoxic training applications (eg, preacclima-
tisation, tapering and rehabilitation, performance mainten-
ance, effectiveness of hypobaric versus normobaric hypoxic
methods).


Repeated-sprint training in hypoxia
In one study, our research group reported that the succession
of maximal efforts performed in hypoxia versus normoxia is
more efficient when maximal sprints, with incomplete recov-
eries, are repeated until exhaustion.5 This study has high-
lighted the major benefits of repeated sprint training in
hypoxia on glycolytic performance, skeletal muscle adaptation
and ventilatory responses suggesting the putative strong bene-
fits for team-sport performance. However, in the only two
available studies that evaluated the effectiveness of repeated
sprint training in hypoxia, training/testing sessions have been


Figure 1 The mobile inflatable simulated hypoxic equipment as it was presented during the Doha conference. External (top left panel) and inside
(top right panel) tunnel views are pictured along with the rectangular design (bottom left panel) and touch screen controller (bottom right panel).
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completed on a cycle ergometer in a climatic chamber.5 10


One may therefore question the validity of these findings for
team-sport athletes.


Repeated sprinting on natural grass with players wearing their
soccer boots is known to induce specific impairments in leg-
spring behaviour (vertical stiffness),11 which may not occur
when players are tested on cycle ergometers. Hence, the inten-
sity of the mechanical activity that the musculoskeletal system
can transiently achieve, which presumably determines the quan-
tities of metabolic energy released and therefore the level of per-
formance attained, differs fundamentally between the
cycling-based and running-based sprint efforts.12


From the laboratory to the field
Using non-motorised instrumented treadmills allows a deeper
understanding of the effects of various interventions (eg,
fatigue13 or hypoxia: Brocherie et al unpublished observations)
on neuromechanical adjustments during repeated sprints.
Noteworthy, however, is that treadmill and field sprint perform-
ance differs by about 20%,14 highlighting that the lower speed
reached on the treadmill may not be optimal to maximise the
sprint-related training benefits.


The mobile inflatable simulated hypoxic equipment now
permits limitations to be counterbalanced by using laboratory-
based equipments (eg, cycle ergometer and treadmill).
Additionally, to date, the potential benefits of executing small-
sided games or other skill-based training under hypoxic condi-
tions are unknown. It is unfortunate because this training drill
has been proposed as an efficient alternative in football for
developing aerobic capacity and some technical abilities includ-
ing changes of direction or short passes.15 16 Performing small-
sided games under hypoxic conditions, theoretically, has the
potential to maximise expected training benefits, but further
studies are required to verify this assumption.


CONCLUSION
The mobile inflatable simulated hypoxic equipment is a promis-
ing technological advance within sport sciences. Whether it is
repeated sprints (tunnel configuration) or small-side games (rect-
angular configuration), it offers the opportunity for team-sport
players to train under hypoxic conditions.


What this study adds


Mobile hypoxic inflatable marquees—directly located on the
playing ground—are now available, opening new boundaries in
future advancements of hypoxic training practical applications.
Coaches and athletes are likely to be more accepting of
sport-science research if results have direct relevance to their
programmes and can be applied in a sport-specific setting.


Funding This work was supported by Aspire Zone Foundation grant number
AF/C/ASP1905/11.


Competing interests None.


Provenance and peer review Not commissioned; externally peer reviewed.


Open Access This is an Open Access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 3.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited and the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/3.0/


REFERENCES
1 Bishop D, Burnett A, Farrow D, et al. Sports-science roundtable: does sports-science


research influence practice? Int J Sports Physiol Perform 2006;1:161–8.
2 Crowley WF Jr. Translation of basic research into useful treatments: how often does


it occur? Am J Med 2003;114:503–5.
3 Ginexi EM, Hilton TF. What’s next for translation research? Eval Health Prof


2006;29:334–47.
4 Millet GP, Roels B, Schmitt L, et al. Combining hypoxic methods for peak


performance. Sports Med 2010;40:1–25.
5 Faiss R, Leger B, Vesin JM, et al. Significant molecular and systemic adaptations


after repeated sprint training in hypoxia. PLoS ONE 2013;8:e56522.
6 Bartsch P, Dvorak J, Saltin B. Football at high altitude. Scand J Med Sci Sports


2008;18:iii–iv.
7 Bergeron MF, Bahr R, Bartsch P, et al. International Olympic Committee consensus


statement on thermoregulatory and altitude challenges for high-level athletes. Br J
Sports Med 2012;46:770–9.


8 Lundby C, Millet GP, Calbet JA, et al. Does ‘altitude training’ increase exercise
performance in elite athletes? Br J Sports Med 2012;46:792–5.


9 Billaut F, Gore CJ, Aughey RJ. Enhancing team-sport athlete performance: is
altitude training relevant? Sports Med 2012;42:751–67.


10 Puype J, Van Proeyen K, Raymackers JM, et al. Sprint interval training in hypoxia
stimulates glycolytic enzyme activity. Med Sci Sports Exerc 2013. In press.


11 Girard O, Racinais S, Kelly L, et al. Repeated sprinting on natural grass impairs
vertical stiffness but does not alter plantar loading in soccer players. Eur J Appl
Physiol 2011;111:2547–55.


12 Bundle MW, Weyand PG. Sprint exercise performance: does metabolic power
matter? Exerc Sport Sci Rev 2012;40:174–82.


13 Morin JB, Samozino P, Edouard P, et al. Effect of fatigue on force production and
force application technique during repeated sprints. J Biomech 2011;44:2719–23.


14 Morin JB, Sève P. Sprint running performance: comparison between treadmill and
field conditions. Eur J Appl Physiol 2011;111:1695–703.


15 Hill-Haas SV, Dawson B, Impellizzeri FM, et al. Physiology of small-sided games
training in football: a systematic review. Sports Med 2011;41:199–220.


16 Dellal A, Varliette C, Owen A, et al. Small-sided games versus interval training in
amateur soccer players: effects on the aerobic capacity and the ability to perform
intermittent exercises with changes of direction. J Strength Cond Res
2012;26:2712–20.


Girard O, et al. Br J Sports Med 2013;47:i121–i123. doi:10.1136/bjsports-2013-092794 3 of 3


Short report


 group.bmj.com on November 28, 2013 - Published by bjsm.bmj.comDownloaded from 



http://creativecommons.org/licenses/by-nc/3.0/

http://creativecommons.org/licenses/by-nc/3.0/

http://bjsm.bmj.com/

http://bjsm.bmj.com/

http://group.bmj.com/

http://group.bmj.com/





doi: 10.1136/bjsports-2013-092794
 2013 47: i121-i123Br J Sports Med


 
Olivier Girard, Franck Brocherie and Grégoire P Millet
 
in team sports
marquees for sport-specific altitude training 
On the use of mobile inflatable hypoxic


 http://bjsm.bmj.com/content/47/Suppl_1/i121.full.html
Updated information and services can be found at: 


These include:


References


 http://bjsm.bmj.com/content/47/Suppl_1/i121.full.html#related-urls
Article cited in: 
 


 http://bjsm.bmj.com/content/47/Suppl_1/i121.full.html#ref-list-1
This article cites 15 articles, 2 of which can be accessed free at:


Open Access


non-commercial. See: http://creativecommons.org/licenses/by-nc/3.0/
terms, provided the original work is properly cited and the use is
work non-commercially, and license their derivative works on different 
license, which permits others to distribute, remix, adapt, build upon this
Creative Commons Attribution Non Commercial (CC BY-NC 3.0) 
This is an Open Access article distributed in accordance with the


service
Email alerting


the box at the top right corner of the online article.
Receive free email alerts when new articles cite this article. Sign up in


Collections
Topic


 (89 articles)Open access   �
 
Articles on similar topics can be found in the following collections


Notes


 http://group.bmj.com/group/rights-licensing/permissions
To request permissions go to:


 http://journals.bmj.com/cgi/reprintform
To order reprints go to:


 http://group.bmj.com/subscribe/
To subscribe to BMJ go to:


 group.bmj.com on November 28, 2013 - Published by bjsm.bmj.comDownloaded from 



http://bjsm.bmj.com/content/47/Suppl_1/i121.full.html

http://bjsm.bmj.com/content/47/Suppl_1/i121.full.html

http://bjsm.bmj.com/content/47/Suppl_1/i121.full.html#ref-list-1

http://bjsm.bmj.com/content/47/Suppl_1/i121.full.html#ref-list-1

http://bjsm.bmj.com/content/47/Suppl_1/i121.full.html#related-urls

http://bjsm.bmj.com/content/47/Suppl_1/i121.full.html#related-urls

http://bjsm.bmj.com/cgi/collection/unlocked

http://bjsm.bmj.com/cgi/collection/unlocked

http://group.bmj.com/group/rights-licensing/permissions

http://group.bmj.com/group/rights-licensing/permissions

http://journals.bmj.com/cgi/reprintform

http://journals.bmj.com/cgi/reprintform

http://group.bmj.com/subscribe/

http://group.bmj.com/subscribe/

http://bjsm.bmj.com/

http://bjsm.bmj.com/

http://group.bmj.com/

http://group.bmj.com/






Improving team-sport player’s physical
performance with altitude training:
from beliefs to scientific evidence
Olivier Girard,1 Babette M Pluim2


In 1973, Sir Roger Bannister said that no
clear proof of benefit of altitude training
had emerged during a panel discussion on
this topic, published in BJSM.1 What have
we learnt in the intervening 40 years?


ALTITUDE TRAINING—WHAT USE IN
TEAM SPORTS?
To date, most altitude training research is
oriented towards individual endurance
athletes, while the potential benefits for
team sports remain largely unexplored.
Hence, the safety and equality aspects of
competitive football matches held above
2500 m have been passionately debated
for over two decades.2 In 1993 this
debate was invigorated when Brazil lost its
first qualification game for a World cham-
pionship in the stadium of La Paz
(Bolivia), located at an altitude of
∼3600 m. Undoubtedly, the altered envir-
onment at altitude had a significant
impact on players physical performances,3


and some athletes were better able to cope
with the change in altitude than others,
especially those who were better accli-
mated.4 Recently, the fact that Argentina
suffered their worst loss in 60 years, a
sound defeat of 6-1 against host Bolivia in
a South Africa World Cup qualifier, clearly
demonstrates that playing international
games at altitude is a major challenge.


Despite the apparent lack of strong sci-
entific evidence, it is striking to observe
that altitude-training centres have been
established around the globe, and are now
offering team sport players the opportun-
ity to train under sport-specific hypoxic
conditions. Girard et al5 have shown how
sprinting and small-sided games can be
performed inside inflatable hypoxic mar-
quees. Today, concepts regarding the use
of hypoxic methods for team sport
players are evolving.6 Owing to the wide-
spread belief that altitude training confers
a competitive advantage, this topic has an


unprecedented popularity in the team
sport community.


THIS ISSUE
In this themed issue, Aspetar (Qatar
Orthopaedic and Sports medicine
Hospital) partners with BJSM to provide
the journal’s readership with a representa-
tion of the current research into altitude
training and team sports. As the chair of
the scientific committee of the Altitude
Training and Team Sports Conference, I
am proud to be guest editing this issue, in
which we present current updates and ori-
ginal investigations authored by inter-
national experts in this bourgeoning field.


Current updates
The current updates section starts with a
comprehensive summary of the factors
that affect either sprint performance or
the ability to recover from maximal or
near-maximal efforts at sea level, and dis-
cusses the evidence that these may be
improved by altitude training.7 Billaut and
Aughey8 then illustrate the adverse effects
of acute altitude exposure on single-sprint
and repeated-sprint capacity. The authors
conclude that players displaying enhanced
muscle reoxygenation capacity, greater
buffering power and maintained cerebral
oxygenation should better cope with the
stress of altitude.
Changes in haemoglobin mass reflect


major systemic adaptations. Saunders
et al9 postulate that an ∼1% increase in
haemoglobin mass results in a 0.6–0.7%
increase in maximal oxygen uptake in
most elite endurance athletes after various
forms of altitude training. Gore et al10


present a meta-analysis (17 studies) of
papers having used the carbon monoxide
rebreathing technique to determine
haemoglobin mass. A key feature of their
review is their demonstration that classical
altitude training camps as short as
2 weeks are likely to increase haemoglo-
bin mass and benefit most athletes.
Chapman11 explains the importance of


screening arterial oxyhaemoglobin satur-
ation and hypoxic ventilatory responses in
order to determine how team members
might individually respond to hypoxic
conditions. Readers are provided with


overwhelming evidence promoting the
individualisation of adjustments in exer-
cise intensity and/or duration at altitude.
Faiss et al12 critically analyse the results of
studies involving high-intensity exercise
performed in hypoxia for sea-level per-
formance enhancements, by differentiat-
ing intermittent hypoxic training and
repeated sprint training in hypoxia.


Original investigations
The first set of original investigations
deals with the various aspects of altitude
exposure in three different team sports.
First, McLean et al13 show that two con-
secutive preseason moderate altitude
camps yield a similar (4%) increase in
haemoglobin mass in elite Australian foot-
ballers, while they do not change their
haemoglobin mass consistently from year
to year. Buchheit et al14 demonstrate that,
compared with training in the heat-only,
an additional hypoxic stimulus during
sleep and particular training sessions has
no high-intensity running performance
benefit, immediately after a 14-day off-
season camp in professional Australia
football players. In a group of rugby
players, Harvey et al15 report that 12
repeated-sprint training sessions in
hypoxia resulted in a twofold greater
improvements in the capacity to perform
repeated high-intensity aerobic work than
equivalent normoxic training. Finally,
Garvican-Lewis et al16 highlight that
10 days of simulated ‘living high-training
low’ altitude training increases oxygen
transport capacity in elite female water
polo players by 3–4%, which is strongly
related to specific aerobic fitness.


In the final set of papers of the supple-
ment,17–21 the International Study on
Football at Altitude 3600 m (IFA3600) is
presented with the intention of docu-
menting, first, the extent to which
running performance is altered at 3600 m
as compared with sea-level and, second,
the time-course of acclimatisation of both
physical performance and the underlying
physiological adaptations associated with
training and playing at 3600 m (sea-level
native players) and at low altitude (high
altitude-adapted players). Specifically, of a
series of seven companion papers attempt-
ing to quantify the acute and chronic
effects of competing at La Paz, Bolivia
(3600 m) on game and training running
performance, acclimatisation, haematol-
ogy and sleeping patterns of national-level
junior players, five are published in this
supplement. The two remaining papers
can be found in a regular issue of BJSM.21 22


Finally, the culminating point of this sup-
plement is perhaps the position statement
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featuring scientifically based strategies that
may be of importance to consider when
intending to implement altitude training
with team sport players.23


WHAT ARE THE NEW FINDINGS?
Forty years after the publication of the
initial altitude training issue in this
journal,1 major advances have been made
from a performance and mechanistic
perspective.
The three main points are
1. The current level of evidence for the


efficacy of hypoxic methods to
improve exercise performance at mod-
erate or high altitude (acclimatisation)
is well established. However, the bene-
fits of using a ‘living high-training
low’, ‘Living high-training high’ and
‘living low-training high’ altitude-
training intervention or a combination
of those methods to improve team
sport-related physical performance on
return to sea level are not as definitive.


2. Training camps as short as 2 weeks can
increase haemoglobin mass substan-
tially in a range of professional team
sport players, while limited data cur-
rently exists regarding the time course
of non-haematological adaptations.


3. It is undeniable that no single recom-
mendation is likely suitable for all
players in a team, or across all team
sports, requiring the development of
optimised interventions at the individ-
ual player level.
Finally, the physiology underlying


altitude-related effects on physical per-
formance in many team sports is still far
from fully understood.


Contributors OG was involved in the writing of the
manuscript. BMP was involved in the review and
approval of the manuscript.


Competing interests None.


Provenance and peer review Not commissioned;
externally peer reviewed.


Open Access This is an Open Access article
distributed in accordance with the Creative Commons
Attribution Non Commercial (CC BY-NC 3.0) license,
which permits others to distribute, remix, adapt, build
upon this work non-commercially, and license their
derivative works on different terms, provided the
original work is properly cited and the use is non-
commercial. See: http://creativecommons.org/licenses/
by-nc/3.0/


To cite Girard O, Pluim BM. Br J Sports Med
2013;47:i2–i3.


Accepted 9 October 2013


Br J Sports Med 2013;47:i2–i3.
doi:10.1136/bjsports-2013-093119


REFERENCES
1 Bannister R, Raymond Owen J, Keul J, et al.


Chairman’s opening remarks. Br J Sports Med
1974;8:3–4.


2 McSharry PE. Altitude and athletic performance:
statistical analysis using football results. BMJ
2007;335:1278–81.


3 Nassis GP. Effects of altitude on football
performance: analysis of the 2010 FIFA Wold
Cup Data. J Strength Cond Res 2013;27:
703–7.


4 Gore CJ, McSharry PE, Hewitt AJ, et al. Preparation
for football competition at moderate to high altitude.
Scand J Med Sci Sports 2008;18:85–95.


5 Girard O, Brocherie F, Millet G. On the use of mobile
inflatable hypoxic marquees for sport-specific altitude
training in team sports. Br J Sports Med 2013;47:
i121–3.


6 Millet GP, Brocherie F, Faiss R, et al. Hypoxic training
and team sports: a challenge to traditional methods.
Br J Sports Med 2013;47:i6–7.


7 Bishop DJ, Girard O. Determinants of team-sport
performance: implications for altitude training by
team-sport athletes. Br J Sports Med 2013;47:
i17–23.


8 Billaut F, Aughey R. Update in the understanding of
altitude-induced limitations to performance in
team-sport athletes. Br J Sports Med 2013;47:
i22–5.


9 Saunders P, Garvican-Lewis L, Schmidt W, et al.
Relationship between changes in hemoglobin mass
and maximal oxygen uptake after hypoxic exposure.
Br J Sports Med 2013;47:i26–30.


10 Gore C, Sharpe K, Garvican-Lewis L, et al. Altitude
training and haemoglobin mass from the optimised
carbon monoxide re-breathing method determined
by a meta-analysis. Br J Sports Med 2013;47:i31–9.


11 Chapman R. The individual response to training and
competition at altitude. Br J Sports Med 2013;47:
i40–4.


12 Faiss R, Girard O, Millet GP. Advancing hypoxic
training in team sports: from intermittent hypoxic
training to repeated sprint training in hypoxia? Br J
Sports Med 2013;47:i45–50.


13 McLean BD, Buttifant D, Gore CJ, et al. Year-to-year
variability in haemoglobin mass response to two
altitude training camps. Br J Sports Med 2013;47:
i51–8.


14 Buchheit M, Racinais S, Bilsborough J, et al. Adding
heat to the live-high train-low altitude model: a
practical insight from professional football. Br J
Sports Med 2013;47:i59–69.


15 Harvey G, Cooke K, Sumners D, et al. Repeated
sprint training in normobaric hypoxia. Br J Sports
Med 2013;47:i74–9.


16 Garvican-Lewis L, Wachsmuth N, Kley M, et al.
Changes in blood gas transport of altitude native
soccer players near sea-level and sea-level native
soccer players at altitude (ISA3600). Br J Sports Med
2013;47:i93–9.


17 Gore CJ, Aughey R, Bourdon P, et al. Methods
of the International study on Soccer at Altitude
3600 m (ISA3600). Br J Sports Med 2013;47:i80–5.


18 Sargent C, Schmidt W, Aughey R, et al. The impact
of altitude on the sleep of young elite soccer
players (ISA3600). Br J Sports Med 2013;47:i86–92.


19 Buchheit M, Simpson B, Garvican-Lewis L, et al.
Wellness, fatigue and physical performance
acclimatisation to a 2-week soccer camp at 3600 m
(ISA3600). Br J Sports Med 2013;47:i100–6.


20 Aughey R, Hammond K, Varley M, et al. Soccer
activity profile of altitude versus sea-level natives
during acclimatisation to 3600 m (ISA3600). Br J
Sports Med 2013;47:i107–113.


21 Buchheit M, Simpson B, Schmidt W, et al.
Predicting sickness during a 2-week soccer camp at
3600 m (ISA3600). Br J Sports Med 2013;47:i124–7.


22 Roach GD, Schmidt WF, Aughey RJ, et al. The sleep
of elite athletes at sea level and high altitude: a
comparison of sea-level natives and high-altitude
natives (ISA3600). Br J Sports Med 2013;47:
i114–120.


23 Girard O, Amann M, Aughey R, et al. Position
statement—Altitude training for improving team-
sport players performance: current knowledge and
unresolved issues. Br J Sports Med 2013;47:i8–16.


Open Access
Scan to access more


free content


Girard O, et al. Br J Sports Med December 2013 Vol 47 Suppl 1 i3


Editorial


 group.bmj.com on November 28, 2013 - Published by bjsm.bmj.comDownloaded from 



http://bjsm.bmj.com/

http://bjsm.bmj.com/

http://group.bmj.com/

http://group.bmj.com/





doi: 10.1136/bjsports-2013-093119
 2013 47: i2-i3Br J Sports Med


 
Olivier Girard and Babette M Pluim
 
beliefs to scientific evidence
performance with altitude training: from 
Improving team-sport player's physical


 http://bjsm.bmj.com/content/47/Suppl_1/i2.full.html
Updated information and services can be found at: 


These include:


References
 http://bjsm.bmj.com/content/47/Suppl_1/i2.full.html#ref-list-1


This article cites 23 articles, 21 of which can be accessed free at:


Open Access


non-commercial. See: http://creativecommons.org/licenses/by-nc/3.0/
terms, provided the original work is properly cited and the use is
work non-commercially, and license their derivative works on different 
license, which permits others to distribute, remix, adapt, build upon this
Creative Commons Attribution Non Commercial (CC BY-NC 3.0) 
This is an Open Access article distributed in accordance with the


service
Email alerting


the box at the top right corner of the online article.
Receive free email alerts when new articles cite this article. Sign up in


Collections
Topic


 (89 articles)Open access   �
 
Articles on similar topics can be found in the following collections


Notes


 http://group.bmj.com/group/rights-licensing/permissions
To request permissions go to:


 http://journals.bmj.com/cgi/reprintform
To order reprints go to:


 http://group.bmj.com/subscribe/
To subscribe to BMJ go to:


 group.bmj.com on November 28, 2013 - Published by bjsm.bmj.comDownloaded from 



http://bjsm.bmj.com/content/47/Suppl_1/i2.full.html

http://bjsm.bmj.com/content/47/Suppl_1/i2.full.html

http://bjsm.bmj.com/content/47/Suppl_1/i2.full.html#ref-list-1

http://bjsm.bmj.com/content/47/Suppl_1/i2.full.html#ref-list-1

http://bjsm.bmj.com/cgi/collection/unlocked

http://bjsm.bmj.com/cgi/collection/unlocked

http://group.bmj.com/group/rights-licensing/permissions

http://group.bmj.com/group/rights-licensing/permissions

http://journals.bmj.com/cgi/reprintform

http://journals.bmj.com/cgi/reprintform

http://group.bmj.com/subscribe/

http://group.bmj.com/subscribe/

http://bjsm.bmj.com/

http://bjsm.bmj.com/

http://group.bmj.com/

http://group.bmj.com/






Could altitude training benefit
team-sport athletes?
Olivier Girard, Hakim Chalabi


INTRODUCTION
Following the dominance of altitude accli-
matised athletes during the 1968 Olympic
Games held in Mexico City (2400 m), and
early anecdotal training experiments in the
USA in the 1970s, altitude (hypoxic) train-
ing has become very popular among indi-
vidual endurance athletes including
marathon runners, cyclists, swimmers and
triathletes. Altitude training is used to
further enhance exercise performance at
sea level or to acclimatise to competition at
altitude. The fundamental theory behind
altitude training is simple; that is, by expos-
ing an athlete to an environment that is low
in oxygen, the body will eventually adapt to
this stress and improve its efficiency at
transporting and using oxygen. However,
this may not be the only factor involved in
the enhancement of performance since
other central (eg, ventilation, haemodynam-
ics or neural adaptations) and/or peripheral
(eg, muscle-buffering capacity or economy)
factors may also play an important role.1


There are many different altitude train-
ing strategies.2 ‘Live high-train high’, as
do the East African runners who live and
train at altitude. ‘Live high-train low’


invokes the beneficial effects of altitude
while avoiding, first, the need for a
decrease in training intensity and, second,
the detrimental effects of chronic
hypoxia. Altitude training in the form of
‘live high-train low’ was first demon-
strated to improve athletic performance in
the late 1990s. Since then, research into
altitude training and its adaptive mechan-
isms has gained popularity, possibly
because it offers performance benefits
to athletes in the range 1–3%. Other
approaches also include intermittent
hypoxic exposure at rest or during con-
tinuous training sessions, interval-training
sessions and even ‘live high-train low and
high’ or ‘live high-train low in the heat’.
Until now, however, reports of


performance improvement vary widely,
and the efficiency of some of the above-
listed methods has not been thoroughly
investigated.3


ALTITUDE TRAINING AND THE
TEAM-SPORT ATHLETES
In recent times, media reports have pro-
vided us with coverage of several high-
profile clubs undertaking training camps
at altitude in an attempt to gain a com-
petitive edge. Whether it be Australian
football league teams in preparation for
the upcoming season or national soccer
squads preparing for the World Cup, ath-
letes from different team sports world-
wide are using altitude training more than
ever before.
However, the majority of the research


pertaining to the benefits of altitude train-
ing on performance at sea level until now
has been conducted on individual endur-
ance athletes.3 As such, the findings in this
population cannot necessarily be general-
ised to team-sport athletes such as football
players. There is almost a complete absence
of research into the effects of altitude train-
ing in team sports,4 5 where aerobic cap-
acity is less important than individual
endurance sports such as long-distance
running or cycling. Nevertheless, with
many team sports regularly having inter-
national competitions at moderate altitude
( Johannesburg, South Africa) or even high
altitude (La Paz, Bolivia), the subject of
acclimatisation and acclimation is of
increasing international importance.6 7


Maximum strength and power during
single actions are certainly not compromised
by altitude; however, repeated bouts of high-
intensity efforts may be compromised, and
this could determine the outcome of crucial
situations. For instance, playing football
above 1200 m during World Cup 2010
matches had negative effects on teams’
endurance performance, as the total distance
covered during the game was ∼3% lower
than in matches at sea level.7


Altitude training has thus become an area
of interest for major sport governing
bodies.8 9 The Fédération Internationale de
Football Association Medical Assessment
and Research Centre—of which Aspetar


Hospital is one accredited Medical Centre
of Excellence—and the International
Olympic Committee Medical Commission
have recognised that there is little research
and no consensus on the effects of alti-
tude training on the performance of team-
sport athletes. All this begs the question:
could altitude training benefit team-sport
athletes?


ASPETAR HOSPITAL
Aspetar is the first specialised Orthopaedic
and Sports Medicine Hospital in the Gulf
region providing the highest possible
medical treatment for sports-related injuries
in a state-of-the-art facility. With its sand-
covered plains, its very hot and humid
summers and its highest point culminating
at an altitude of only ∼100 m, Qatar may
not immediately be associated with
cutting-edge research on altitude training.
That said, Aspetar Hospital has world-class
normobaric hypoxic facilities. The Aspetar
altitude dormitory has 25 oxygen-deprived
rooms with two beds each, enabling local
or visiting teams to reside/sleep in comfort
at a moderate altitude, while training near
sea level or at simulated altitude utilising
the other hypoxic facilities (eg, climatic
chambers, mobile inflatable marquees).
This is further enhanced by immediate
access to world-class sports medicine and
laboratory services to assist in athletes’
physiological evaluation.


THIS SUPPLEMENT
The main objective of the Altitude Training
and Team Sports conference held on 24–25
March 2013 in Doha, Qatar was to present
cutting-edge research on the basic and
applied aspects of altitude training. The
conference featured over 25 presentations
and hosted a total of 120 participants
including athletes, coaches, sport scientists
and a panel of world experts interested in
the practical application of altitude training
to enhance match-related performance in
team sports. This event included discus-
sions about the neuromuscular, metabolic
and cardiovascular adaptations that occur
in response to exercise and training in
hypoxic environments. Strategies for devel-
oping peak performance and optimising
the ‘altitude dose’ have been reviewed.
Furthermore, eight young scientists have
been invited to present their new research
on the effects of chronic exposure to alti-
tude on match-related performance in
team-sport athletes. How elite coaching
teams can incorporate the new evidence
has also been discussed. Finally, a round-
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table meeting in which the panellists
engaged in focused discussions resulted in
a position statement paper with the aim
of providing practical recommendations
for coaching teams. This targeted issue of
the British Journal of Sports Medicine
highlights some key issues raised during
the debates.


MOVING FORWARD
In the coming years, researchers and clini-
cians at Aspetar, in collaboration with
leaders in the field of altitude training,
aim to address the lack of research in this
specific area by sorting fact from fiction
and providing new knowledge to Gulf/
Middle-Eastern and international team-
sport athletes.
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ABSTRACT
Despite the limited research on the effects of altitude (or
hypoxic) training interventions on team-sport
performance, players from all around the world engaged
in these sports are now using altitude training more
than ever before. In March 2013, an Altitude Training
and Team Sports conference was held in Doha, Qatar, to
establish a forum of research and practical insights into
this rapidly growing field. A round-table meeting in
which the panellists engaged in focused discussions
concluded this conference. This has resulted in the
present position statement, designed to highlight some
key issues raised during the debates and to integrate the
ideas into a shared conceptual framework. The present
signposting document has been developed for use by
support teams (coaches, performance scientists,
physicians, strength and conditioning staff ) and other
professionals who have an interest in the practical
application of altitude training for team sports. After
more than four decades of research, there is still no
consensus on the optimal strategies to elicit the best
results from altitude training in a team-sport population.
However, there are some recommended strategies
discussed in this position statement to adopt for
improving the acclimatisation process when training/
competing at altitude and for potentially enhancing sea-
level performance. It is our hope that this information
will be intriguing, balanced and, more importantly,
stimulating to the point that it promotes constructive
discussion and serves as a guide for future research
aimed at advancing the bourgeoning body of knowledge
in the area of altitude training for team sports.


PREAMBLE
Team sports are activities that enjoy worldwide par-
ticipation with large numbers of players training and
competing at all levels. As skill proficiency increases,
it is clear that overall technical and tactical effective-
ness—rather than (competitive) physical performance
per se—have a greater impact on winning.1 Over the
last two decades, however, it is indisputable that team
sports have experienced a tremendous increase in the
tempo of play and energy demands imposed on
players during matches. In this context, coaches and
their staff are continuously looking for innovative
ways to improve match outcomes, and moderate alti-
tude training (∼2000–3000 m)2 has emerged as a


popular ergogenic aid. Precompetition acclimatisa-
tion while residing at altitude (eg, training for 1–
2 weeks at the competition venue elevation) versus
using altitude training to improve players’ ‘trainabil-
ity’ and competition performance in the days and
weeks following return to sea level (eg, 2–3 weeks of
living high and training low during the preseason) are
two distinct forms of altitude interventions that were
debated by the expert panel. Despite altitude training
being an area of interest for many sporting organisa-
tions—for example, Fédération Internationale de
Football Association (FIFA), symposium on playing
football at altitude2 and the International Olympic
Committee (IOC), consensus statement on thermo-
regulatory and altitude challenges for all high-level
athletes3—research on the impact of altitude training
for team sports is still in its infancy.
An Altitude Training and Team Sports conference


was held in Doha, Qatar on 24–25 March 2013.
The original aims of the conference were to present
cutting-edge research on the basic and applied
aspects of altitude training and its impact on the
physical performance of team-sport players. To this
end, a panel of international experts (Australia: 7;
Belgium: 1; Canada: 1; Germany: 1; Qatar: 4;
Switzerland: 1; the USA: 2) was invited to address
specific issues (detailed in the different review
papers of this supplement) related to this topic.
This position statement provides an overview of
research and practical issues that may be of import-
ance to consider when intending to use altitude
training with team-sport players.
The basic principles that governed the conduct


of the discussions during the meeting are sum-
marised below.
A broad-based, independent panel was assembled
to give balanced and evidenced-based attention
to the present topic.
Panel members included researchers in exercise
physiology, medical doctors, coaches and per-
formance/research scientists. Panellists did not
represent organisations per se, but were selected
for their expertise, experience and understanding
of this field. They were also required to sign a
form to Disclose any Potential Conflicts of
Interest.
A number of specific questions were prepared to
define the scope and guide the direction of the
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position statement. The principle task of the panel was to
provide responses to the questions outlined below.
This position statement is intended to serve as the scientific
record of the conference, and it is our hope that it will be
widely disseminated to achieve maximum impact on both
future practice and research.
While agreement may exist pertaining to the principal mes-
sages conveyed within this document, the authors acknow-
ledge that the science of altitude training as it applies to team
sports is a rapidly growing field and therefore the decision to
use altitude training remains in the realm of professionals
working closely with players.


This position statement paper is broken into a number of
sections
1. Hot topics
2. Methodological issues
3. Implications for implementation
4. Where to now?
5. Summary and conclusion


The expert panel systematically addressed these issues and pro-
vided research and practical recommendations, based on their
experiences and the latest scientific and coaching evidence.


Section 1: Hot topics
For players of which team sports (eg, disciplines, playing position)
might altitude training be relevant?
The physical (total distance covered, high-speed running or
sprinting) and physiological (cardiovascular load, blood lactate
concentration) demands of major team (football,4 rugby5 or
Australian football6) and racket sports (tennis and squash7)
during training and competition have been described by using
miniaturised smart sensor devices (eg, Global Positioning System
technology, video tracking, portable gas analysers). In many team
sports, the running distance during matches has considerably
increased in recent years due to new tactical approaches having
been adopted by many teams, thereby increasing the importance
of endurance capacity. Team sports share the common feature of
high-intensity, intermittent exercise patterns with continuously
changing pace and also experience marked variability of game
characteristics between sports,8 between playing positions9 and
playing styles10 within the same sport and even from one match
to the next.11 This creates a diversity of physiological challenges
and performance needs across team-sport players.


While elite team-sport players do not exhibit the specific
physical/physiological capacities of elite endurance and sprint
athletes, they generally possess an efficient combination of
‘aerobic’ and ‘anaerobic’ potential, though the relative contribu-
tion of oxidative versus glycolytic component varies widely
across players and sports. Although aerobic metabolism domi-
nates the energy delivery during most team sports, decisive
actions (eg, sprints, jumps and tackles) are covered by means of
anaerobic metabolism.4 12 As a result, the demands of team
sports lend themselves towards a potential gain from adapta-
tions to hypoxia from aerobically (maximal oxygen uptake
(VO2max), economy and PCr resynthesis) and anaerobically
(muscle buffer capacity) derived mechanisms. However, because
the extent to which a player may benefit from different altitude-
training methods may differ according to both their general and
specific training focus (more aerobic vs anaerobic type of adap-
tations), no uniform recommendations can be made across all
team sports. Nonetheless, it is anticipated that those activities
displaying shorter exercise-to-rest ratios and/or requiring


prolonged time spent at a high relative exercise intensity are
more likely to benefit from altitude training.


Panel members agreed that the effectiveness of any altitude-
training programme might be worthwhile for some, but cer-
tainly not all, team members. For instance, it is intuitive that
altitude training may have greater benefits for players covering
large distances (>100 m/min) with high-intensity repeated
efforts (ie, ‘invasion’ sports), as Australian football players do,
compared with volleyball players, who run relatively less (dis-
tance covered generally <50 m/min) during a match.8 It is
worth noting that since the impact of fitness on match running
performance is likely player-dependent, playing style-dependent
and position-dependent,13–16 the possible performance benefits
of altitude training for team sports might not be as straightfor-
ward as for individual sports, where physical capacities strongly
determine final performance. Considering soccer for instance,
while it is appealing that altitude training may positively affect
midfielders’ or attackers’ activity patterns, less evident is its pos-
sible impact for central defenders and goalkeepers. However,
these assumptions await scientific evidence.17 Although it is dif-
ficult to derive sound conclusions based on the limited literature
available, it is proposed that incorporating information in
accordance with time-dependent metabolic and match profiling
(exercise-to-rest ratios18), along with supplemented data from
position-specific and player profile-related requirements could
enable more informed judgements of the relevance of altitude
training for a given player.


It has been acknowledged that in elite endurance19 as well as
team-sport20 athletes the effect of altitude training on red cell
mass may depend on the initial haemoglobin mass (Hbmass). The
proposed rationale is that an initial high Hbmass will not allow
Hbmass to increase substantially following altitude training,
whereas an initial low value will likely lead to meaningful enhance-
ments in Hbmass.21 Noteworthy, however, is the observation that
meaningful increases in Hbmass also occur in highly trained
endurance athletes—that is, with some of the highest reported pre-
intervention Hbmass values—from different sports and after
various forms of altitude training.22 In team sports, where a high
Hbmass is not necessarily a pre-requisite in all positions, players
are generally characterised by a low to moderate Hbmass (or
VO2max values usually ranging from 55 to 65 mL/min/kg)23 24 in
comparison with endurance athletes,25 whose performance is
largely related to aerobic capacity.26 There remains considerable
controversy about the extent to which Hbmass increases in
response to altitude training27 and two recent meta-analyses28 29


also offer somewhat conflicting viewpoints.
In elite junior soccer players, the potential for altitude train-


ing to increase Hbmass was 3% after 12 days at 3600 m,24 and
it is likely also present at the lower altitudes usually used for
altitude-training camps by team-sport players.20 The rationale
for attempting to increase Hbmass in team-sport players would
be to increase their VO2max and enhance blood buffer capacity,
and thereby decrease relative exercise intensity during games
and increase tolerance for repeated-sprint exercises, respect-
ively.16 30–34 While it is noted that, in some players, those
values might already be near the upper limit of aerobic power,
the expert panel agreed that any improvement in blood oxygen
carrying capacity needs to be balanced so as not to limit
explosive-type performance gains.35 36


What type of altitude-training interventions should be
recommended for team-sport players?
Contemporary altitude-training practices among athletes
include: living high and training high (LHTH), living high and
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training low (LHTL) as well as living low and training high
(LLTH).37 38 These paradigms can be achieved with natural alti-
tude, simulated altitude or a combination,39 but it is important
to note that the physiological responses to natural and simulated
altitude may be quite different and controversy still exists as to
what is the most efficient hypoxic exposure.17 40 In a 2009
meta-analysis of sea-level performance after hypoxic exposure,41


it was found that in elite endurance athletes, an enhancement of
maximal aerobic power output was only possible with natural
LHTL (4.0%; 90% confidence limits±3.7%), and unclear with
LHTH (1.6%;±2.7%) and LLTH (0.6%;±2.0%). While it is
arguably easier to accumulate hours of hypoxia with LHTH, a
recent meta-analysis concluded that Hbmass increases at
approximately 1.1% per 100 h of altitude exposure regardless
of the type of exposure (ie, LHTH (>2100 m) or LHTL
(∼3000 m)).29


Owing to possible inter-individual variability (eg, individual
responsiveness is approximately half the group mean effect in
professional football players completing an LHTH training
camp),20 when it comes to improving player’s fitness, one may
question whether having all the team members residing and
training at the same natural altitude is a sound approach if no
individual adjustments in training content are made. Another
recognised concern of hypoxic exposure is the large and individ-
ual decrease in maximal aerobic power (VO2max, ∼7% per
1000 m altitude ascent),42 which may slow down the process of
phosphocreatine resynthesis when recovering from high-
intensity efforts.43 44 Compared to sea-level, VO2max was
reduced by 20% in a cohort of non-acclimatised soccer players
at a natural altitude of 3600 m,45 while at the same simulated
altitude a single 5 s treadmill sprint performance was preserved
(Brocherie et al unpublished observations). However, after
repetitive efforts of short duration a larger fatigability is com-
monly observed in hypoxia,43 46–48 this effect may also be
dependent on other factors such as training background,49


work-to-rest ratio50 and hypoxia severity.51


In order to maintain high-intensity training effectiveness (ie,
prevent premature fatigue), which represents a significant
portion of competitive teams’ training content, regular training
practices of LHTH altitude camps may need to be modified.52


These modifications could be avoided by descending the whole
squad to lower training venues but the logistical constraints and
extended travel times may actually result in additional fatigue.
Alternatively, work : rest ratios could be altered during sessions
also taking into account the altitude of the training venue and
players’ background. Practically, this requires adjusting distance
or time of efforts and/or recovery times in order to modify the
intensity or duration of practice bouts at altitude.33 53 Only
with these adjustments can dramatic reductions in training
quality along with accompanying negative alterations in mech-
anical and neuromuscular stimuli be avoided.54 Another solu-
tion could be to live in a natural, hypobaric hypoxic
environment, but train at or near ‘simulated’ sea level with the
aid of supplemental oxygen.55 While scientific evidence is still
lacking, training with oxygen cylinders requires a stationary
training situation, which is clearly unpractical for training
sport-specific, technically complex activities commonly asso-
ciated with team sports.4 Conversely, artificial altitude models
(LHTL) may be more convenient for the team-sport players
with the possibility of remaining in one training venue, while
individualising the ‘altitude dose’ and training contents in line
with their characteristics and field positioning.


Exercise capacity during high-intensity intermittent exercise
not only depends on the blood oxygen-carrying capacity, but


also on molecular adaptations in the skeletal muscle and the effi-
ciency of the neuromuscular system. Although not a consen-
sus,56 LLTH altitude training regimes including near or
maximal-intensity efforts (repeated sprint training in hypoxia)
have proved superior to training at sea level in enhancing per-
ipheral adaptations (ie, oxidative capacity, capillary density and
muscle glycolytic potential as well as increased expression of
hypoxia inducible factor 1α (HIF-1α) and downstream genes to
oxygen and transport)57–60 and, thereby, high-intensity intermit-
tent performance.57 61 62 Likewise, resistance training combined
with systemic hypoxia has been reported to further increase
muscle strength,63–65 although other studies have shown no
additional effect of hypoxia on strength gains.66 With only two
known studies recruiting team-sport players,62 65 it was recog-
nised that there needs to be more research to determine which
form of LLTH altitude-training intervention may be more effect-
ive for maximising strength gains and multiple-sprint perform-
ance, while taking into account the specific characteristics of the
different team sports and of the player for a given activity.33


There was unanimous agreement by the panel that altitude
training could also be implemented for rehabilitation purposes.
Here, we alert the reader to recent findings demonstrating that
the HIF-1α pathway is activated during bone repair and can be
manipulated genetically and pharmacologically to improve skel-
etal healing.67 The past decade has seen impressive strides in
our understanding of the effects that an exposure to intermittent
hypoxia might have on improving metabolic risk factors in
pathological populations. Although irrefutable scientific support
is lacking, altitude training may possibly be implemented upon
return to training in some team-sport players, after sustaining an
injury, in order to increase the cardiovascular and perceived
intensity of the session without a corresponding increase in the
mechanical load imposed on the musculoskeletal system.33


What are the most relevant performance tests to provide
ecologically valid data of the benefits of altitude training in a
population of team-sport players?
Assessment of the physiological determinants of physical per-
formance is an integral part of sport science support for elite
teams. At present, however, virtually all performance tests com-
monly used to judge the efficacy of any altitude-training inter-
vention have been based on indicators of endurance-like
performance (eg, time trials). As such, the extent to which alti-
tude training affects anaerobic performance is largely
unaccounted for in the available literature. While altitude train-
ing is thought to improve some aspects of performance by only
a small amount, high reliability (ie, typical errors of 1–2% with
the tested-dependent variable having an error of measurement
smaller than the smallest important effect) is a fundamental cri-
terium guiding the selection of a particular field-based or
laboratory-based test in the plethora of tests available today.


It would be worthwhile to centre the test battery on the key
elements of aerobic-type and anaerobic-type performance meant
to be improved by the altitude-training intervention in question.
As a single performance test cannot address the full complexity
of team-sport performance, a broad suite of tests is expected. It
was agreed that, in a population of team-sport players, relevant
tests would at least include an evaluation of acceleration/peak
sprinting and maximal aerobic velocities, while jump,
repeated-sprints (with or without agility sequences) and running
economy (eg, 10–12 km/h for 5 min) tests can elegantly com-
plete the test battery. In the absence of a ‘gold-standard’ for
repeated-sprint testing for instance, coaching teams should
adjust sprint distances, frequency, recovery time/type according
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to their players and sport requirements, ensuring that the tests
are valid and reliable.68


Sport scientists have been tempted to directly measure the
acute effects of an altitude exposure or the efficacy of a period
of altitude acclimatisation on the occurrence of repeated high-
intensity actions (frequency of maximal accelerations) and
match running performance, as recently garnered from total dis-
tance covered or distances completed across different prese-
lected time intervals.52 69 70 However, given the numerous
confounding factors such as temporal changes in a team, opposi-
tion’s tactics and playing system and/or the contributions of sub-
stitutions, it must be questioned whether time motion analysis
data can realistically be used in isolation to identify the benefits
of any altitude-training intervention on athletic performance.1 10


In other words, one should proceed cautiously when inferring
physical performance of team-sport players from their activity
profiles since distances covered only reflect the ‘external physical
output’ of players.1 Importantly, high-intensity activity in profes-
sional soccer is not always related to team success,71 while those
players performing more high-intensity work are also often cov-
ering lower total distances.72 Practically, it was therefore recog-
nised that it is important to simultaneously measure the external
(eg, distance covered within different velocity zones) and
internal loads (eg, heart rate, perceptual responses)—irrespective
of whether total distance covered has increased or not in
response to altitude training—in order to objectively determine
if a player is working easier physiologically to produce the same
‘external physical output’.16


Controlled experimental simulations of match-play activity
performed on the field such as the Yo-Yo Intermittent Recovery
test (level 2)73 and the 30–15 Intermittent Fitness Test74 or
simulating team-sport running performance on a non-motorised
treadmill in the laboratory environment51 75 are recommended
to evaluate altitude training usefulness. Standardised drills in the
form of small-sided games that replicate to a certain extent the
physical intensity, movement (running performance) patterns
and the technical requirements (skill component) of competitive
match play for instance, with a simultaneous evaluation of total
distance covered and distance ran at high speed, are also likely
suitable.76 77


Section 2: Methodological issues
Current practices and trends in altitude training: What is the
‘optimal’ altitude dose to be used?
In individual athletes, the success of altitude training requires
living high enough (>2000 m), for enough hours/day (>14–
16 h/day), for a sufficient period of time (>19–20 days) in
order to sustain an erythropoietic effect of hypoxia; that is, the
so-called altitude dose (∼300–400 h).37 55 78 The time course of
the erythropoietic response to altitude training is highly individ-
ual ranging from no response until 15% after 3–4 weeks.79 80


Training camps as short as 2 weeks have also been shown to
increase Hbmass substantially in elite youth soccer (ie,
LHTH),24 elite water polo (ie, LHTL81) and Australian football
players (ie, LHTL82 and LHTH20). Limited data currently exists
regarding the time course of non-haematological adaptations,
which may also be potentially beneficial for team-sport perform-
ance, during and after an altitude-training camp,83 thereby limit-
ing the possibility to offer scientifically based recommendations
about these adaptations.


Most altitude-training venues around the world, which are
equipped with the necessary facilities to suit team-sports (ie,
comfortable rooms and playing fields), are in the 1800–2500 m
range. In the majority of research studies moderate altitudes


(2000–3000 m) have been used arguably because at those
heights robust and reliable erythropoietin (EPO)-induced expan-
sion of red cell mass is usually observed, with athletes suffering
from only minor side effects.84 Limited data are available on
how these entities should be balanced and how far the boundar-
ies of hypoxic exposure can be extended. At present, the
optimal altitude for a team to reside at is unknown, but there is
a widespread belief that elevations higher than ∼3000 m should
be used with caution because of the excessive loss of training
intensity and the characteristics of ball flight will change sub-
stantially due to the thinness of the air.85 On the one hand, the
degree of hypoxia determines the magnitude of the induced
physiological changes in a ‘dose–response’ relationship, with
higher altitudes triggering larger/faster increases in red cell
mass.28 78 On the other hand, exposure to chronic (several days
to several weeks) hypoxia using elevations >3000–3500 m can
be unproductive for some individual players as the stress on
their body and the resultant side effects—for example, loss of
appetite, inhibition of protein synthesis, muscle wasting, preva-
lence and severity of acute mountain sickness, excessive ventila-
tory work and/or metabolic compensation—from such high
altitude could outweigh any erythropoietic benefits and thereby
impair performance gains.35 54 86 Reportedly, however, sleep
quality is rapidly increased with acclimatisation87 and may not
even be adversely affected by acute (1–2 days) or chronic (1–
2 weeks) exposures to high altitudes (>3500 m).88 This rein-
forces the potential value of individualising altitude-training
‘prescription’ with artificial exposures as a prerequisite in order
to maximise the performance of each player, and thereby reduce
some of the individual responses seen today.


Players who have had previous hypoxic exposure may adapt
sooner to hypoxic conditions due to an increase in the magni-
tude of hyperventilation in the first few days of re-exposures.89


Although absolute mean changes in physiological capacities (ie,
Hbmass) appear to be repeatable after both LHTL90 and
LHTH,20 24 individual athletes do not exhibit consistency in
altitude-induced Hbmass changes from year-to-year, that is, the
magnitude of the correlations between Hbmass changes are only
small (r=0.21)20 to moderate (r=0.47),90 with differences in
the individual responses to each intervention as large as 8%90 to
10%.20 More importantly, subsequent physical performance
benefits may be even more variable from an intervention to
another one (unclear to small relationships, ie, r<0.1, with up
to 4% of difference in the individual responses). However, even
though altitude training (at least in elite endurance athletes)
results in an increase in VO2max of more than half the magni-
tude of the increase in Hbmass, the weak (but significant) correl-
ation found between these factors suggests that other
non-haematological factors are also likely to be important.22


Specific timing-related issues of altitude training in team sports:
Does a player benefit the same from a given altitude block in
precompetition and in-season? Would a combination of methods
be the optimal approach?
Although irrefutable scientific support is lacking, the effects of
altitude training on some of the determinants of physical per-
formance in team players may depend on the training phase of
the competitive season.91 Importantly, altitude training needs to
fit within the busy competition schedule of a team, without
compromising the quality of the technical and tactical training.
With the advent of hypoxic facilities (hypoxic chambers and/or
altitude dormitories) in a growing number of high-level profes-
sional clubs and sport institutes, the prospect of implementing
altitude interventions in a congested calendar is no longer as
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daunting. Larger physiological changes are generally expected
for altitude training conducted preseason compared to
in-season, likely due to lower initial fitness levels. Preseason gen-
erally provides a window of about a month or two to embark
on a 2-week to 4-week sojourn at a natural or simulated altitude
aiming to primarily enhance convective oxygen transport.82 92


The increased oxygen transport capacity of blood in response to
altitude training may allow training at higher intensities during
subsequent training in normoxia (improved lactate metabolism),
thereby optimising the training stimuli by enhancing some
neuromuscular and cardiovascular determinants of team-sport
performance.


Today, the busy competition schedules of major team sports
often makes prolonged (>2 weeks) stays at altitude (at least for
natural altitude exposure) unrealistic for anything other than
preseason camps and the most important international tourna-
ments. During the competition period, a 2-week camp imple-
mented during the mid-season break for instance—be it LHTL
or LLTH—may boost physical performance; nevertheless,
longer exposures are certainly required to maximise the magni-
tude of these responses.29 Coaching teams involved in sports
(eg, water-polo and rugby) with a competition calendar target-
ing major international tournaments (ie, Olympics and World
Cup) in addition to regular league matches could accommodate
an LHTL intervention during the competition preparation
phase to maximise physiological adaptations of their squads.81


With minimal travel, modest expense and relatively minor dis-
ruption of training and daily life, a few blocks of LLTH altitude
intervention (simulated altitude of 2500–3500 m; 2–3 sessions/
week for 2–4 weeks; supra-maximal intensity workouts) could
also be included in their yearly programme in order to add
variety to training and help maintain in-season sprint speed and
maximise explosive power/maximal strength capacity.17 38


Upon removal of the hypoxic stimulus, a reversal of some
altitude-specific adaptations can occur relatively quickly (within
few weeks; ie, neocytolysis, red blood cell destruction).93


Nevertheless, with a typical exposure of ∼300–400 h, the
increase above prealtitude Hbmass values persists for ∼2–3
weeks,24 29 80 which does not support the proposal of short-
term neocytolysis after altitude descent. Accordingly, the ability
of the players to train at a high level for several weeks on return
to sea level, due to the positive acclimatisation responses to alti-
tude, may allow them to achieve a higher level of fitness (ie, one
that may last longer than the acclimatisation effects themselves)
and more importantly performance. While the entire physio-
logical acclimatisation is mostly undetectable 4 weeks of post-
descent, performance gains seem to be more resilient and may
last up to 4 weeks after the altitude camp.92 However, coaches
should not expect any altitude-induced physiological changes to
be maintained throughout the entire duration of a team-sport
season if no additional hypoxic stimulus is added thereafter to
the training programme.


Although this awaits stronger scientific evidence, it was recog-
nised that some of the side effects (decrease in Na+/K+ ATPase
activity and decreased plasma volumes) of each of the individual
altitude-training interventions could potentially be attenuated
when using combined (or mixed) methods. For players and
coaches looking to elicit ‘aerobic’ and ‘anaerobic’ benefits to
improve sea-level performance, living high and training low and
high is an attractive altitude intervention for team sports.38


Proposed LHTL modifications which involve interspersing
‘blocks’ of nightly exposure to hypoxia, with several nights of
normoxia (‘intermittent’ LHTL), to lessen any adverse psycho-
logical94 and physiological (eg, minimising the detrimental


effects of chronic hypoxic exposure on muscle Na+/K+ ATPase
activity, especially in athletes undertaking heavy training)95 96


impacts of prolonged (>20 h/day) room confinement.
Reportedly, a combined approach of LHTL plus additional
hypoxic training sessions resulted in greater enhancement in the
physiological capacities (VO2max and Hbmass) that underpin
endurance performance (3 km time trial) compared with LHTL
or LLTH.90 Currently, however, the optimal characteristics of
exercise in hypoxia or the combination of the various methods
are unclear. Although altitude-training interventions combined
with other challenging environmental conditions (eg, heat
exposure to increase plasma volume)82 could potentially be
useful to improve selected aspects of team-sport performance, at
this stage, there is insufficient evidence to recommend such
innovative mixed methods.


Does the reduced air resistance with terrestrial altitude (hypobaric
hypoxia) significantly modify match-related performance and the
aerodynamics of the ball compared to exposure to simulated
altitude (normobaric hypoxia)? What is the impact on training or
competition?
LHTH altitude has been, and will remain, widely used by teams
to acclimatise before matches at altitude. This approach is sup-
ported by the lack of direct transfer of the benefits induced by a
normobaric acclimation to the hypobaric situation and, in com-
parison, larger ventilatory acclimatisation, minimised acute
mountain sickness prevalence and improved performance using
terrestrial altitude or hypobaric chambers.97–99 As a general rec-
ommendation, suitable strategies to maximise physiological
acclimatisation (oxygen transport and acid–base balance) should
last 3–7 days for low altitude (500–2000 m),69 100 1–2 weeks
for moderate altitude (2000–3000 m) and at least 2 weeks if
possible for high altitude (>3000 m).80 When designing accli-
matisation strategies it is of utmost importance to consider the
altitude of residence of the team and the ultimate competition
altitude.101 The expert panel agreed that for squads who must
compete at a moderate altitude within 2 weeks of ascent, living
at the competition altitude (whenever possible at the competi-
tion venue) and not higher is advisable.102 Practically, shorter
recovery periods before players can repeat high-intensity efforts
and improved willingness to possess the ball can be viewed as
signs of positive physiological acclimatisation.


Because it does not simulate the reductions in air density,
which affect motor ball trajectory and consequently motor skill
proficiency,103 using normobaric hypoxia is not optimal for
preparation for competition at a natural altitude. The major
determinants of air density are barometric pressure, temperature
and, to a lesser extent, humidity. Upon ascent to natural alti-
tude, changes in these variables will have a proportionate effect
on air density (air density reduces by about 10% for every
1000 m increase in altitude) and, consequently, physical per-
formance and player behaviour. This is a serious concern in
team sports where performance relies directly on repeated high-
intensity activities such as sprinting and involves a large tech-
nical skill component essential for training and competition.104


At natural altitude, any potential advantage associated with
reduced air resistance (increased single sprint performance)105 is
offset by the increased metabolic challenge in hypoxic condi-
tions (impaired repeated sprint ability).106 Regarding the effects
of moderate altitude exposure on activity profiles during actual
soccer match play, not only is total distance covered reduced
above 1200 m,70 but also, a larger reduction in match running
performance is seen at 1600 m for higher intensity tasks such as
high velocity running or maximal acceleration.69 Thirteen days
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of acclimatisation nor life-long residence at high-altitude
(3600 m) protected against detrimental effects of altitude on
match activity profile.52 Additionally, for sea-level players a sig-
nificant number of repetitions are arguably necessary to make
the appropriate motor skill adjustments required for competitive
success in a reduced air density environment.


The decreasing air density associated with increasing altitude
also results in changes in the drag and lift forces acting on the
flying object (ball, missile), thereby altering its flight characteris-
tics.103 107 This is typically manifested as a reduction in the
lateral deflection or ‘curve’ of the projectile and an increased
flight, as the projectile will travel more easily through the
thinner air.85 As a result, a soccer player’s technical skills may
be impacted when shooting, controlling long passes and clearing
the ball using punted and long kicks out of defence.
Undoubtedly, the goalkeeper could also be deceived by shots at
goal, owing to the faster flight of the ball and its altered trajec-
tory. However, those effects have yet to be quantified, and
whether a technical acclimatisation to altitude takes place,
beyond physiological acclimatisation, needs to be researched,
with a careful monitoring of the extent and the time course of
these adaptations for a range of heights. Despite the absence of
scientific evidence, it is reasonable to suggest that extra time and
practice is probably required to allow adequate adjustments in
motor skills and movement timing as the terrestrial altitude
where teams reside, train and compete increases. Because
physiological and aerodynamic (also likely to be highly individ-
ual) adaptations may not necessarily share the same time course,
it is advised that teams experience these responses in a training
camp setting well ahead of the competitive event. Arguably,
when a team prepares for competition at one altitude but has to
contest games at various altitudes during the tournament (eg,
1986 and 2010 FIFA World Cups), without a suitable time
period to readjust to the biomechanical constraints, the coach
may need to make tactical changes. Likewise, teams will also
have to readjust upon return to sea level and whether LHTH
should not be recommended when competing at sea level in a
short window (<7–10 days) requires research.


Section 3: Implications for implementation
What would be the benefits of a careful player screening and a
preacclimation period before prolonged exposure to hypoxia?
What physiological markers would be worthwhile monitoring to
identify altitude ‘responders’ and ‘non-responders’?
At present, there is no ‘gold-standard’ test battery to facilitate
the detection of team members who are unlikely to cope well
with the stress of altitude or who will respond positively. As a
general rule, however, preascent evaluations should ensure that
players are free of illness, injury and fatigue.20 24 A comprehen-
sive initial assessment would also include other measures such
as ‘normal’ iron and nutritional-hydration status, body mass and
psychological attributes. Only players who fulfil these criteria
should add the stress of hypoxia to their training. A conservative
approach might be prudent for at-risk players—those who are
currently unfit and not coping well with altitude stress—to
ensure that they are not worked too hard at hypoxia until fully
recovered.


Arterial oxyhaemoglobin saturation (SpO2) in hypoxia is
largely controlled by the hypoxic ventilatory response.108 An
enhanced resting ventilatory response to hypoxia, which is
mediated primarily by the peripheral chemoreceptors in the
carotid bodies,109 is arguably beneficial as the body responds to
the hypoxic stimulus more quickly. Reportedly, the ability to
maintain SpO2 during heavy exercise at sea level has a strong


influence on the ability to maintain VO2max and exercise per-
formance with acute altitude exposure.110 As such, although
their mode of evaluation (rest vs exercise; hypoxic dosage) is
still debated, determining chemosensitivity parameters (ie, desat-
uration and ventilatory response to hypoxia) may help detect
at-risk players before a sojourn to altitude.111 112 Although irre-
futable scientific support is lacking,97 coaches and support staff
can also be proactive by implementing short-term, intermittent
normobaric hypoxia exposures (30–60 min at altitude ranging
3000–4500 m) before travel for those with a blunted hypoxic
ventilatory response in order to reduce the prevalence and
severity of acute mountain sickness.113


Another explanation proposed to account for the lack of
adaptation to altitude training is depleted iron stores prior to
and as a result of altitude exposure.114 In iron deficient athletes
(serum ferritin <35 ng/mL for females and <50 ng/mL for
males) the likelihood of an altitude-induced increase in Hbmass
is minimal, suggesting that normalisation with oral (ferrous
sulfate) supplements and monitoring iron status of each team
member is an absolute necessity before exposure to hypoxia.54


Iron-deficiency per se could result in decreased training poten-
tial or physical performance in team-sport players, not only
because of blunted erythropoiesis but also due to its negative
impact on other iron-dependent physiological processes at the
mitochondrial level and in myoglobin content. We recommend
that iron deficient players receive iron supplementation, in
order to normalise serum ferritin stores before departing for
altitude, and maintenance of iron supplementation for all
players while at altitude in order to prevent bias arising from
iron deficiency.


As with any other training stimulus, there is considerable vari-
ation in the response to altitude training. This is evidenced by
decreased sympathetic activity and strong erythropoietic
responses to altitude in some participants, while others see little
or no changes in such variables with chronic exposure.115


Likewise, most players experience significant impairment of
training velocities and oxygen uptake at a moderate altitude,
while few would be able to maintain training and oxygen flux
near what they would be able to at sea level. The concept of
‘responders’ and ‘non-responders’ was created without offering
plausible mechanisms.115 While factors influencing the magni-
tude of individual response to hypoxia may be genetically inher-
ited traits (ie, HIF-1α functions as a master regulator of many
genes, notably of erythropoiesis, pH regulation and glycoly-
sis),116 117 it remains possible that certain psychosociological
concerns, not physiological ones, may also determine how spe-
cific team members will respond. For some players leaving their
family (spouse and parents) and regular training environment
for the duration of a camp can be problematic. This may partly
explain the within and between years variability observed in the
response of an individual athlete.20 24 29 118 As such, it may not
be appropriate to divide team members into ‘responders’ and
‘non-responders’ but rather to question whether the interven-
tion had a measurable impact on player performance. A propos-
ition would be to identify those who will respond with a fast/
high, moderate/medium and slow/low response compared to the
group mean response. Importantly, in the same individuals,
changes in physiological and performance measures (ie, the
former to a higher extent than the latter) after two virtually
identical altitude-training camps are not necessarily consist-
ent.20 80 90 This reinforces that altitude training-related gains
may not only be dependent on positive physiological adapta-
tions but also on a complex interaction of other factors includ-
ing fitness, training status and fatigue. Substantially increased
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feelings of fatigue (players’ perception of how hard they are
training along with their fatigue, stress and muscle soreness
levels), submaximal heart rates, poorer training quality and dis-
rupted sleep structure, as measured from validated tools also
give the coach invaluable insight to help delineate those players
who are coping well with the stress of hypoxia from those who
are not.35 88


The majority of training benefits at sea level are accrued with
adequate attention given to consistent training, suitable recovery/
nutrition and skill development. How are these factors taken into
account when training at altitude?
It was recognised that disrupted training and recovery are
expected at altitude, especially for novice players, and therefore
require careful management.


Training
A factor of importance to the outcome of an altitude-training pro-
gramme is the training undertaken during the intervention period.
The severity of altitude, time spent training at altitude, history of
altitude training and timing of training leading into competition
represent important factors to consider when designing a training
programme at altitude. A considerable interindividual variability
in the reduction of aerobic power at altitude exists, and this should
be considered.42 119–122 Consequently, individual adjustments of
training intensity and periodisation of training at altitude are
required to avoid over-reaching and/or detraining. The proposed
actions to individualise the ‘altitude dose’ and training content
should include daily assessment of sleep quality, mood state and
frequent monitoring of the changes in HR-derived measures.35 69


Training load during the altitude sojourn should also be carefully
monitored. Ideally, this can be achieved by quantifying the dur-
ation and the intensity (CR-10 Borg scale) for each training
session.123 Although monitoring perceived training load and well-
ness using psychometric124 and the Lake Louise acute mountain
sickness125 questionnaires are also useful to help prevent the risk
of negative adaptations. Careful daily monitoring of indirect mea-
sures of cardiac autonomic activity such as heart rate variability or
heart rate responses, together with ratings of perceived exertion
(RPE) responses to a submaximal run (eg, 4–8 min at 10–12 km/h
over 20–40 m shuttles) can help predict/prevent sickness and
maintain the training process.69 86


In addition to the higher physiological stress, some critical
aspects of sport-specific decision-making processes together
with skill execution (short-passing ability) and perceived well-
being are likely to be negatively affected by acute moderate alti-
tude exposure as a result of exacerbated fatigue levels.126 When
28 international male football players belonging to the English
national squad were tested in preparation of the 2010 FIFA
World Cup, exposure to a simulated altitude of 1800 m com-
promised their ability to sustain work output during 10 min of
constant-load cycling at 85% of maximum heart rate, and was
also associated with higher RPE values.127 Cognitive function
(as measured during the last 5 min of the 10 min constant-load
test) was also impaired by acute altitude exposure with a 9%
reduction in simple reaction time. As such, careful monitoring
of decision-making responses (ie, ideally assessed daily in the
initial stages during a hypoxic intervention) undoubtedly has
merit.128


Recovery
During an altitude sojourn the whole squad should be carefully
monitored to try to avoid over-reaching, dehydration or upper
respiratory tract infection, taking into account that hypoxia may


impact on sleep quality/quantity and therefore player recov-
ery.35 88 129 Avoiding illness is not always possible; however, by
allowing adequate rest (first 1–2 days) and easing into training
at altitude (following 2–3 days) before taking up regular training
a player’s immune system is not placed under excessive stress
from both hypoxia and hard training.53 54 101 Higher heart
rates and lower SpO2 values reflect the inadequate ability of a
player to adjust to the hypoxic environment.24 Practically, we
encourage monitoring a range of haematological and immune
function parameters including iron status, vitamins, oxidative
stress, as well as self-reported wellness and session RPE, before
leaving for altitude, particularly during the early phase of
chronic altitude training (within the first 2 days of ascent/expos-
ure) and if possible every week thereafter.35 130 131


As training sessions in hypoxia increase the use of carbohydrates
during exercise, appropriate nutrition is important. Reportedly, a
high-CHO meal consumed prior to moderate exercise in hypoxic
conditions reduced oxygen desaturation compared with a high-
protein meal.132 Further, football players competing in the 2008
European Championships (Switzerland-Austria with venues eleva-
tion <600 m) experienced a decrease in extracellular and body
mass (indicating fluid loss),133 which may be caused by a loss of
appetite, dehydration or a change in energy balance (energy
expenditure or food availability). In team-sport players, a diet high
in carbohydrate could therefore improve tolerance to intense and
stressful hypoxic training sessions, which is important when
looking at increasing sport-specific fitness. At altitude, respiratory
alkalosis during the first few days of exposure initiates a chronic
loss of bicarbonate, which may be restored in order to help effect-
ively buffer acidosis during high-intensity exercise and thereby
maximise the potential for interval-training quality.134 135


Dehydration is common at altitude (diuresis) and may also be
caused by sweating and fluid loss through the upper airways
(low humidity) due to increased ventilation to defend the imme-
diate fall in SpO2 due to the reduction in the partial pressure of
oxygen at altitude. Because the combination of hypoxia and a
strenuous training programme could lead to the development of
a chronic state of hypohydration, checking hydration status and
electrolyte balance before, during and after training or the game
is recommended. Practically, quantifying urine osmolality
(>700 mOsm/kg), urine specific gravity (>1.020 g/mL) and/or
body mass change (>2% body mass loss from water deficit) can
be used as index of dehydration.136 Because sweat rates and
sweat electrolyte content vary greatly among individuals, the
development of individualised fluid and electrolyte replacement
strategies is required for the preservation of performance and
protection of player health.137


Global sleep quality (number of arousals and awakenings) can
ideally be monitored using polysomnography, but alternatives
including actigraphy, sleep questionnaires and other sleep moni-
toring devices are available in situations where this tool is not
practicable.138–140 Sleeping at moderate altitude does not cause
major disruption to players’ sleep in general, but it does cause
minor to moderate disruption to rapid eye movement sleep,
which is important for mental recovery.141 These symptoms,
present in ∼25% of the players in a team when sleeping at mod-
erate altitude, should improve over 2–3 nights. Depending on
the altitude and the individual, sleep disturbance can be caused
by periodic breathing resulting from the interplay between
hypercapnia and hypoxia leading to central sleep apnoea.
Nearly 40–50% of the members of a team may experience mod-
erate/severe disordered breathing at high altitude (3600 m).88


This disruption is unavoidable in terrestrial altitude, but it could
be avoided in simulated altitude with the use of a ‘rest high,
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sleep low, train low’ paradigm for affected individuals. If this
new paradigm is used, the potential benefit associated with
avoiding disordered breathing during sleep should be considered
against the potential cost of spending less time at altitude.
Finally, when considering the effects of altitude training on
sleep, it is also important to consider any potential effects of
travel fatigue (caused by sleep loss, dehydration, immobility)
and jetlag due to trans-meridian travel.142 143


Section 4: Where to now?
What recommendations can be formulated to overcome some of
the limitations of the current studies?
It was commonly agreed that the current level of evidence for
the efficacy of hypoxic methods to improve acclimatisation at
moderate or high altitude is well established, but rather low
when it comes to improved sea level exercise performance. Part
of this inconsistency is linked to the fact that various hypoxic
methods (hypobaric vs normobaric hypoxia), training modalities
or training states of the players have been employed within as
well as between studies with discrepancies between measuring
methods frequently seen (eg, Hbmass).144–147 In addition, per-
formance changes resulting from altitude training are not that
reproducible even when the mean improvements in underlying
physiology are more consistent.90 Furthermore, the ability to
detect a relatively small signal is swamped by the noise of the
range of factors that can impinge on individual performance,
let alone that of a team.


Important methodological limitations of some of the current
literature also include uncontrolled trials, non-randomised study
protocols and neither single-blinded nor double-blinded
designs.101 Lack of blinding in interventions, leading to expect-
ation (placebo and nocebo) effects, should be avoided wherever
possible (ie, double-blinding natural LHTH studies is impos-
sible), especially in a population of team-sport players where
team connection has a widespread effect on performance.
Future studies should avoid methodological shortcomings such
as absence of lead-in period, undefined training cycle or players’
recent training history. Such trial specifications are standard in
many other exercise physiology fields and need to be adhered to
in the area of altitude-training research in order to move this
growing field forward. In addition, it would be worth recording
through questionnaire the players’ belief in the efficacy of alti-
tude training before they go to the camp to further clarify if
expectation is any way associated with benefit. When possible it
is also encouraged to use double baseline measures, and care-
fully documenting training content/load before, during and after
the altitude-training intervention will allow a more systematic
comparison of various hypoxic methods.


Performance changes should not only be monitored shortly
(ie, few days) after the intervention but also for few weeks after
the last day of exposure to distinguish the short from middle/long-
term (or delayed) effects. Ideally, players would need to be accus-
tomed to performing similar (if not identical) performance tests as
part of their usual battery of team fitness testing in order to facili-
tate this process. It is also important to report eventual dropouts,
which indirectly reflect how players coped with the altitude inter-
vention. Further, the level of adherence of the players to the inter-
vention must be measured: “How do the players think the
intervention worked for them?” Finally, there is a need for consen-
sus between practitioners and researchers to define what difference
in magnitude, in terms of peak sprint or maximal aerobic velocities
for instance, after any altitude-training intervention can realistic-
ally be considered a meaningful ‘improvement’ (ie, greater than
the ‘smallest worthwhile change’ or the typical error of


measurement) relevant for competitive team-sport performance.
In this context, developing a long history of standardised perform-
ance tests is important to obtain an indication of each player’s sen-
sitivity to a given altitude-training intervention. Only then
meaningful recommendations for team-sport players could be
derived.


Unresolved performance-led and mechanistic issues, and future
directions
While research scientists are inevitably interested in the under-
lying mechanisms for any changes in performance (and focusing
on the mean response where statistical significance is often the
critical consideration), these become of secondary importance
for applied sport scientists who directly deal with professional
team players, as performance optimisation and competition
outcome are the driving factors. Equally though, so that applied
sport scientists can make evidence-based decisions, it is critical
that any performance tests are valid and reliable and that studies
are well-designed to avoid placebo/nocebo effects and too many
confounding variables. The panellists recognised that some of
the key research gaps in the field of altitude-training methods
relevant for team sports can be addressed by.


Performance-led investigations
▸ Determining whether performance and physiological


changes induced by altitude-training protocols are actually
transferred to competitive match outcomes: how to accur-
ately measure these effects?


▸ Verifying the usefulness of new hypoxic training methods
(eg, live high and train low and high interspersed, repeated
sprints in hypoxia, live high—train low under heat stress or
altitude training combined with blood occlusion) in a range
of professional team sports, to determine whether the capaci-
ties meant to be improved actually are.


▸ Evaluating the combination of altitude-training methods and
the effect that they have on the magnitude and time course
of several aspects of match-related performance and adaptive
responses during isolated or periods of intensified
competition.


▸ Validating the efficacy of LLTH methods when attempting to
improve sea-level performance, preacclimation, prevention of
detraining during off-season/injury periods or to prolong the
beneficial effects of an extended altitude-training block.


▸ Determining whether the breathing abnormalities that occur
during sleep at high altitude by many players, and the accom-
panying sleep fragmentation, affect the efficacy of altitude
training.


▸ Clarifying how increased oxygen delivery/utilisation con-
ferred by hypoxic interventions improves match-related per-
formance, prevents premature and excessive neuromuscular
fatigue and improves recovery processes in team-sport-related
activities.


▸ Determining under which circumstances altitude exposure
can be used either as a substitute to reduce the inevitable
detraining effect seen in long-term injured players or to
further stimulate the cardiovascular and metabolic systems,
while keeping training load lower than at sea level.


▸ Clarifying some of the jet lag-related methodological (circa-
dian rhythms) issues, and establish whether teams should
train or be tested at the new destination or at the origin time,
also taking into account the delay before competition and
the details of the altitude stress.
Mechanistic studies


▸ Understanding whether the cellular and molecular basis of
hypoxic adaptations (downstream targets of HIF-1α) differ
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between the various altitude-training interventions, and the
impact of titrated ‘hypoxic doses’.


▸ Shedding more light on putative adaptive mechanisms (eg,
running economy, lactate metabolism and muscle/blood
buffer capacity along with compensatory vasodilation asso-
ciated to reduced oxygen content and potential on fibres
behaviour and fatigability) and signalling pathways (eg, mito-
chondrial efficiency and biogenesis, capillarisation and
sodium/potassium handling) of non-haematological adapta-
tions important for team-sport physical performance.


▸ Identifying physiological (with a particular emphasise on
genetic and ventilatory responses) and psychosociological
factors of primary influences affecting individual player
responses to hypoxic training.


▸ Quantifying the extent of biomechanical/skill-based adapta-
tions associated with hypobaric hypoxia, and the optimal
dosing and timing of those aerodynamics and neuromuscular
control adjustments in regards to physiological ones.


▸ Measuring the magnitude and rate of changes and the under-
pinning physiological (Hbmass, oxygen cost of breathing)
and biomechanical (neural activation strategies, kinetic/kine-
matic adjustments) adaptations when altitude-resident players
descend from altitude and when sea-level players live high
and train low.


▸ Investigating if hypobaric and normobaric hypoxia hold
the same potential for improvement in match-specific fitness
and share similar underlying physiological mechanisms,
and therefore determining whether they can be used
interchangeably.


Section 5: Summary and conclusion
The field of altitude training represents a good example of how
a better understanding of the acute/chronic effects of hypoxia,
as well as the best practices to acclimatise, can help teams to
better prepare their players. At present, most of our understand-
ing, and information on altitude-training methods, have been
focussing on endurance (individual) athletes. Based on this lit-
erature, there is little question as to the benefits of training at
altitude for the purpose of improving performance at altitude
(acclimatisation). However, the benefits of using a LHTH,
LHTL and LLTH altitude-training intervention or a combination
of those methods to improve team-sport-related physical per-
formance upon return to sea level are not as definitive. The
approach that consists of extrapolating existing data obtained
with individual athletes to understand the effects of altitude
training on complex team-sport performance is limited. The
question of whether altitude/hypoxic training—be it natural or
artificial—is relevant to improve team-sport performance (and
its putative underlying mechanisms) has not yet been convin-
cingly proven. Nevertheless, it is undeniable that no single recom-
mendation is likely suitable for all players in a team, or across all
team sports, requiring the development of optimised interven-
tions at the individual player level. This theoretically implies that
not all the members of a team should be exposed to the same
hypoxic conditions, but rather that an optimal dose/time/type be
established for each player. Finally, considering that team sports
require high levels of skill, decision-making and tactics, it still
remains to be ascertained whether individual enhancements in
high-intensity running and involvements with the ball during
competitions would also positively impact a team’s game result.
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ABSTRACT
Objective To characterise the time course of changes
in haemoglobin mass (Hbmass) in response to altitude
exposure.
Methods This meta-analysis uses raw data from
17 studies that used carbon monoxide rebreathing to
determine Hbmass prealtitude, during altitude and
postaltitude. Seven studies were classic altitude training,
eight were live high train low (LHTL) and two mixed
classic and LHTL. Separate linear-mixed models were
fitted to the data from the 17 studies and the resultant
estimates of the effects of altitude used in a random
effects meta-analysis to obtain an overall estimate of the
effect of altitude, with separate analyses during altitude
and postaltitude. In addition, within-subject differences
from the prealtitude phase for altitude participant and all
the data on control participants were used to estimate
the analytical SD. The ‘true’ between-subject response to
altitude was estimated from the within-subject
differences on altitude participants, between the
prealtitude and during-altitude phases, together with the
estimated analytical SD.
Results During-altitude Hbmass was estimated to
increase by ∼1.1%/100 h for LHTL and classic altitude.
Postaltitude Hbmass was estimated to be 3.3% higher
than prealtitude values for up to 20 days. The within-
subject SD was constant at ∼2% for up to 7 days
between observations, indicative of analytical error.
A 95% prediction interval for the ‘true’ response of an
athlete exposed to 300 h of altitude was estimated to be
1.1–6%.
Conclusions Camps as short as 2 weeks of classic and
LHTL altitude will quite likely increase Hbmass and most
athletes can expect benefit.


INTRODUCTION
An increase in erythropoiesis resulting from altitude
exposure has been described for over 100 years,1 and
is quite apparent among lifelong residents of high
altitude (>3000 m).2–4 However, for short-term
sojourns, a comprehensive new meta-analysis and
Monte Carlo simulation of data spanning the last
100 years concluded that there was no statistically sig-
nificant increase in red cell volume (RCV) unless the
exposure exceeded 4 weeks at an altitude of at least
3000 m.5 This altitude is substantially higher than
that recommended for athletes,6 where a lower alti-
tude (2000–2500 m) is advised to minimise the loss
of training intensity evident at higher elevations.


Rusko et al7 have suggested that an exposure of
3 weeks is sufficient at altitudes >∼2000 m, provided
the exposure exceeds 12 h/day. Furthermore, Clark
et al8 have concluded, based on the serial measure-
ments of haemoglobin mass (Hbmass) and on other
recent altitude studies, that Hbmass increases at a
mean rate of 1%/100 h of exposure to adequate
altitude.
Rasmussen et al,5 who were careful in the selec-


tion criteria for studies to include in their
meta-analysis, noted that a variety of methodolo-
gies to measure RCV were adopted in the different
studies, ranging from carbon monoxide (CO)
rebreathing to radioactive labelling of albumin to
various plasma dye-dilution tracer methods. As
with any meta-analysis, the veracity of the conclu-
sions is only as good as the quality of the data
included, and Rasmussen et al formally tested that
there was no significant effect of the method of
measurement on their conclusions. However, all
methods of estimating RCV or Hbmass are subject
to error, and a meta-analysis of raw data demon-
strated that the measurement error of CO rebreath-
ing (2.2%) was, if anything, slightly less than that
(2.8%) for the gold standard method of
51chromium-labelled red blood cells.9 In contrast,
the measurement error for the common plasma
dilution method of Evans Blue dye was estimated
to be 6.7%. If the effects of moderate altitude
(2000–3000 m)10 are relatively small, then it is
quite likely that inclusion of studies with greater
error (eg, refs. 11 and 12) may obfuscate the effects
of studies using more reliable methods (eg, refs. 13


and 14).
In 2005, Schmidt and Prommer15 validated a


variation on the CO rebreathing method with a
low error of measurement of ∼1.7%, which has
been successively refined.16–18 Thus, rather than
using many data sources, some of which include
relatively noisy data, the aim of this meta-analysis
was to use the raw data of only those studies that
used the optimised CO rebreathing method to
determine Hbmass, and that were conducted since
2008. This approach should offer a more precise
estimate of the effect of altitude on Hbmass.


METHODS
Data sources
The data used in the meta-analysis were obtained
from authors who had, since 2008, published the
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results of studies that used the ‘optimised CO rebreathing’
method to evaluate the effects of altitude training on Hbmass.
Briefly, this rebreathing method involves a known CO dose of
∼1.2 ml/kg body mass being administered and rebreathed for
2 min. Capillary fingertip blood samples are taken before the
start of the test and 7 min after administration of the CO dose.
Both blood samples are measured a minimum of five times for
determination of percentage of carboxyhaemoglobin (%HbCO)
using an OSM3 Hemoximeter (Radiometer, Copenhagen).
Hbmass is calculated from the mean change in %HbCO before
and after rebreathing CO.


Individual, deidentified raw data were provided from 17
studies8 13 14 19–31; seven were classic altitude training (ie, living
and training on a mountain) studies,13 22 23 28 29 31 32 eight
were live high train low (LHTL) studies8 14 19–21 25 27 30 and
two included a mixture of classic and LHTL modalities.24 26


Regardless of the form of altitude or simulated altitude, here-
after, all such studies will be referred to as ‘altitude’ studies for
simplicity.


Coding of predictor variables
Altitude treatments
In addition to the recorded altitude of each study, the total
hours spent in hypoxia was calculated from the hours per day
and numbers of days of exposure. This approach allowed for
comparison of classic and LHTL modes, since the former
affords continuous altitude exposure, while the latter is inter-
mittent. All but one of the LHTL studies used ≥14 h/day in
hypoxia, while the other used 10 h/day.24 Several of the classic
and LHTL studies made serial measurements of Hbmass during
altitude exposure (table 1), which enabled multiple estimates of


the change in Hbmass over time. All studies included prealtitude
and postaltitude measurements of Hbmass.


Where included in the study design, control participants were
coded as controls and those exposed to altitude were coded as
altitude participants. The one exception was the LHTL study of
Neya et al24 where the control group resided at 1300 m 24 h/
day; these participants were coded as classic altitude, albeit at
the lowest altitude of any group and very much lower than that
conventionally associated with an increase in RCV.33


Statistical analysis
The approach taken was first to fit linear mixed models separ-
ately to the data from each of the 17 studies to estimate the
effects of altitude. The resultant estimates were then used in a
random effects meta-analysis to obtain an overall estimate of the
effect of altitude, with separate analyses for the during-altitude
and postaltitude phases. In addition, all possible within-subject
differences for control participants and those during the prealti-
tude and during-altitude phases for altitude participants were
used to evaluate within-subject variation. All analyses were con-
ducted using the statistical package R,34 with the mixed model
analyses conducted using the mle procedure available in R’s
nlme library.35


In the initial analyses of the 17 studies, Hbmass values were
log transformed (natural logarithms (ln)) and linear mixed
models fitted with treatment (control or altitude), days during
altitude, days postaltitude and sex as fixed effects and partici-
pant as a random effect. In addition, where appropriate, the
models allowed for different within-subject SDs for men and
women (some of the studies used all male or all female partici-
pants) and within-subject autocorrelation. Some of the studies


Table 1 Data sources


Reference Altitude mode Altitude (m) Duration (h) Sport Calibre of athletes N at altitude N in control


Number of
measures per
participant


Clark et al8 LHTL 3000 294 Cycling International 12 m – 7
Frese and Friedmann-Bette28 Classic 1300–1650 480–528 Running Junior 7 f, 4 m 2 f, 6 m 2–6
Garvican et al14 LHTL 3000 416 Cycling International 12 f – 8–12
Garvican et al29 Classic 2760 456 Cycling International 8 m 7 m 5–9
Garvican-Lewis et al25 LHTL 3000 154–266 Water polo International 9 f – 4
Gough et al26 Classic LHTL 2100–2320


3000
204–504
294


Swimming International 3 f, 14 m
9 f, 1 m


–


–


2–4


Humberstone et al30 LHTL 3000 238 Triathlon International 2 f, 5 m 6 f, 11 m 4
McLean et al22 23 Classic 2130 456 Football National 21 m 9 m 3–9


Classic 2100 432 Football National 23 m – 4–6
Neya et al24 Classic


LHTL
1300
3000


504
210


Running Collegiate 7 m
7 m


–


–


3


Pottgiesser et al27 Classic 1816 504 Cycling International 7 m – 3
Robertson et al20 LHTL 3000 294 Running National 4 f, 6 m 3 f, 5 m 6–12
Robertson et al19 LHTL 3000 294 Running National 2 f, 6 m 2 f, 7m 6
Saunders et al21 LHTL 3000 294 Race walking International 3 f, 3 m 6 f, 5 m 7
Wachsmuth et al13 (overall
35 participants (17 f, 18 m)
with 2–11 measures)


Classic
Classic
Classic
Classic


2320
2320
2320
1360


672
672
504
552


Swimming
Swimming
Swimming
Swimming


International
International
International
International


6 f, 13 m
4 f, 6 m
2 f, 5 m
7 f, 4 m


–


6 f, 5m
–


–


2–5
(within each
subsection)


Wachsmuth et al31 Classic 3600 288 Football Junior 17 m 16 m 3–5


Wachsmuth et al32 Classic 2300 504 Swimming National 3 f, 6 m 3 f, 4 m 3–7
Total 73 f, 175 m 28 f, 75 m


f, females; LHTL, live high train low; m, males.
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had too few observations on each participant to warrant inclu-
sion of the assumed autocorrelation structure but, for consist-
ency, the same form of model was fitted to all 17 data sets.


The next stage fitted linear mixed models with response vari-
able estimates of the mean (over participants within each study)
differences between baseline and subsequent values of ln
(Hbmass) on altitude participants, with separate analyses for the
during-altitude and postaltitude phases.


For the during-altitude phase, the time at altitude, both in
terms of the number of days and the number of hours, the alti-
tude and the type of altitude (classic or LHTL) were treated as
fixed effects; whereas for the postaltitude phase, altitude, the
number of days and hours at altitude, the type of altitude and
number of days postaltitude were treated as fixed effects. For
both analyses, the study was treated as a random effect and the
SEs associated with the estimates of mean differences, as pro-
vided by the initial analyses, were used to determine suitable
weightings.


Estimates obtained from these analyses were back transformed
(via the exponential function) to express results as percentage
changes on the Hbmass scale.


Variability of measurements
Without some form of intervention, Hbmass is considered to be
constant, especially over a period of a few days, so that differ-
ences in measurements taken under stable conditions can be
attributed almost exclusively to measurement, or analytical,
error.36 Using the within-subject variability of the recorded
Hbmass values among the control participants and the within-
subject variability during ( just) the prealtitude phase among the
altitude participant, it is possible to estimate the magnitude of
the analytical error. In addition, following Hopkins,37 it is also
possible to estimate the overall magnitude of between-subject dif-
ferences in response to altitude training using the within-subject
differences in Hbmass measurements between the prealtitude
and during-altitude phases, and between pairs of during-altitude
measurements, made on the altitude participants.


Within-subject measurements
Using the control participant data and just the prealtitude values
from altitude participants, an estimate of the analytical SD was
obtained as follows. Separately for each study, estimates of
within-subject SDs associated with each difference in days were
obtained as the square root of half the average of the squared
differences in ln(Hbmass). A linear mixed model was then fitted
to the ln-transformed (estimated) SDs with the number of days
between estimates as a fixed effect, study as a random effect and
weights determined by the numbers of differences used to esti-
mate the SDs. The results of this analysis were back transformed
(twice, using exponentials) to obtain coefficients of variation
(CVs) on the Hbmass scale, with the analytical CV estimated as
the value associated with readings zero days apart.


Between-subject ‘true’ responses
Using data from ( just) the altitude participants, estimates of the
between-subject variation in the ‘true’ response to altitude were
obtained as follows. First, estimates of the within-subject SDs of
ln(Hbmass) associated with differences between prealtitude and
altitude values, and between values obtained while at altitude,
for different values of the difference in the number of hours at
altitude, were obtained as the SD of the relevant differences
divided by √2. Linear mixed models were then fitted to the
ln-transformed SDs with the difference in the number of hours
at altitude as a fixed effect, study as a random effect and


weights determined by the degrees of freedom of the estimated
SDs. The models considered were constrained so that the esti-
mated within-subject SD after zero (additional) hours at altitude
agreed with the estimate of the analytical SD. This was achieved
by subtracting the natural log of the estimated analytical SD
from each of the ln-transformed SDs and then fitting models
without an intercept term. Estimates of the SDs of the between-
subject ‘true’ responses were then obtained as


pððfittedwithin�subject SDÞ2 � ðestimated analytical SDÞ2Þ
for a range of values of (differences in) the hours at altitude;
these SDs were then used to estimate the likely range of ‘true’
responses to different exposures to altitude.


RESULTS
Raw data
A total of 1624 measures of Hbmass were made on 328 partici-
pants, 18 of whom participated in more than one study (14 in 2
studies, 3 in 3 studies and 1 in 4 studies); 225 participants parti-
cipated as altitude-only participants, 96 as control-only partici-
pants and 7 as altitude and control participants, but in different
studies (table 1). The mean (±SD) number of measures per par-
ticipant was 4.8 (±2.7). As the serial measures were made virtu-
ally during all studies, there were 76 estimates of the change in
ln(Hbmass) from the prealtitude values, 40 estimates during alti-
tude and 36 estimates after altitude exposure.


The median classic altitude was 2320 m (range 1360–
3600 m); while all but one LHTL study used 3000 m, the other
used 2500 m.


During altitude
Of the 40 estimates of the change in ln(Hbmass) from prealti-
tude to during altitude available for analysis, one appeared to be
an obvious outlier, see figure 1. This estimate was associated
with an altitude of 1360 m, but it did not show up as having an
especially large standardised residual (–2.06). Omission of this
observation has a negligible effect on the results, and for consist-
ency with the treatment of the outliers identified during the
postaltitude phase, it has been omitted from the results reported
here; all other estimates were associated with an altitude of at
least 2100 m.


After allowing for the time at altitude, none of the other
altitude-related fixed effects (altitude, days at altitude and type
of altitude) made a significant additional contribution (p=0.642
for the combined additional contribution). Various ways of
modelling the effect of time at altitude were considered,
including
1. A simple linear relationship passing through the origin (ie,


forcing the change in ln(Hbmass) (or just Hbmass) to be
zero after zero hours at altitude);


2. A quadratic relationship, also passing through the origin;
3. Grouping the different times at altitude to form a factor


with seven levels.
As a first approximation, for those studies ≥2100 m, there


was a 1.08% (95% CI 0.94% to 1.21%) increase in Hbmass per
100 h of LHTL and classic altitude exposure (figure 1; table 2).
However, the quadratic model was significantly better than the
linear model (p=0.015), while treating time at altitude as a
factor with seven levels (table 2) was not significantly better
than a quadratic based on the seven levels (p=0.334). There
was also no evidence of different quadratics being appropriate
for classic and LHTL altitude (p=0.271), while for both the
linear and the quadratic models, formal tests of departure from
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the line or quadratic passing through the origin were not signifi-
cant with p values of 0.186 and 0.759, respectively. For altitude
as a factor, the estimated mean change in Hbmass for all levels
apart from the first (duration up to 24 h) was significantly
greater than zero (p<0.001). See table 2 for parameter esti-
mates, SEs and CIs.


Postaltitude
Two of the 36 estimates of the change in ln(Hbmass) from pre-
altitude to postaltitude available for analysis were obvious out-
liers (standardised residuals of −3.49 and −3.36). Both these
estimates were associated with an altitude less than 1800 m, and
rather than just omitting the two outliers, it was decided to omit
all five estimates associated with an altitude of <1800 m from
the results reported here (figure 2); omission of the extra three
estimates had a negligible effect on any of the fitted models.


The most significant effect was the number of days postalti-
tude, though only in terms of whether or not the number was
greater than 20 (days). There was also evidence of an effect of
type of altitude, but only after 20 days postaltitude, with LHTL
resulting in significantly higher values than classical altitude
(p=0.039). After allowing for the number of days postaltitude
and the type of altitude, none of the other fixed effects (alti-
tude, days or hours at altitude) added significantly to the model
(p=0.666 for the combined additional contribution). Up to
20 days postaltitude Hbmass was estimated to be, on average,
3.4% higher than prealtitude values, while for between 20 and
32 days postaltitude (the range of the available data), the change
in Hbmass was not significantly different from zero for classic
altitude, but was estimated to be 1.5% higher than prealtitude
values for LHTL (table 3, figure 2).


Variability of within-subject measurements
For the results from the control participants’ data and just the
prealtitude data from the altitude participants, a simple step


Figure 1 Estimates of the change in haemoglobin mass (Hbmass)
during live high train low (LHTL, n=24) and classic (n=16) altitude
exposure. Fitted lines are for the linear and quadratic models. Dashed
lines are the upper and lower 95% confidence limits of the quadratic
model. The relative weightings of estimates are indicated by symbol
size and border thickness—the largest symbols are for the highest
weighted estimates, the estimates with the smallest SEs. †The study at
1360 m,13 and has been omitted from the reported analyses.


Table 2 Parameter estimates for changes in ln(Hbmass) from baseline (prealtitude) values during altitude exposure, derived via linear mixed
modelling, and their interpretation in terms of percentage changes (increases) in Hbmass


Model/parameter


Change in ln(Hbmass) from prevalues Percentage of increase in Hbmass


Estimate 95% CI p Value Time at altitude (h) Estimate 95% CI


Linear*
slope 1.07×10−4 (0.94×10−4 to 1.20×10−4) <0.001 100 1.08 (0.94 to 1.21)


Quadratic*
Linear 1.39×10−4 (1.10×10−4 to 1.69×10−4) <0.001 100 1.33 (1.10 to 1.56)


Quadratic −7.59×10−8 (−13.95×10−8 to −1.23×10−8) 0.021 200 2.52 (2.14 to 2.89)
300 3.56 (3.13 to 4.00)


Time as a factor (h)
18–24 0.22×10−4 (−0.80×10−4 to 1.23×10−4) 0.664 18–24 0.22 (−0.80 to 1.24)
96–112 1.29×10−4 (0.66×10−4 to 1.93×10−4) <0.001 96–112 1.30 (0.66 to 1.95)
144–224 2.41×10−4 (1.82×10−4 to 3.01×10−4) <0.001 144–224 2.44 (1.84 to 3.06)
266–294 3.25×10−4 (2.50×10−4 to 4.00×10−4) <0.001 266–294 3.30 (2.53 to 4.08)
312–364 3.89×10−4 (3.09×10−4 to 4.70×10−4) <0.001 312–364 3.97 (3.14 to 4.81)


408–456 4.00×10−4 (2.91×10−4 to 5.09×10−4) <0.001 408–456 4.08 (2.95 to 5.22)
504–672 6.28×10−4 (4.96×10−4 to 7.59×10−4) <0.001 504–672 6.48 (5.09 to 7.89)


*For the linear and quadratic models, the time at altitude is measured in hours so that, for example, the linear model implies an increase in ln(Hbmass) of 0.0107/100 h, which
translates to an increase of 1.08% in Hbmass.
p Values refer to testing whether the associated parameter is equal to zero.
Hbmass, haemoglobin mass; ln(Hbmass); natural log of Hbmass.
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function between days 7 and 8 was found to be the best pre-
dictor of the within-subject SD of ln(Hbmass), although there
was some evidence (p=0.061) of an additional increase in the
SD as the number of days between measurements increased.
Using the model with a jump between days 7 and 8, and the
additional increase with days, the CV for Hbmass was estimated
to be reasonably constant at ∼2% (with ∼95% CI 1.80% to
2.35%) for measurements taken up to 7 days apart, after which
it increased to ∼2.5% (2.48% to 2.58% with ∼95% CI 2.16%
to 3.00% for measurements taken between 8 and 40 days apart;
figure 3). An extended model, with six additional levels of a
factor for days (roughly weeks), did not produce a significant
improvement (p=0.901).


The best estimate of the analytical CV for Hbmass was 2.04%
for zero days between measurements with ∼95% CI 1.80% to
2.33%.


Between-subject ‘true’ responses
For the within-subject SDs obtained from differences in ln
(Hbmass) between measurements taken prealtitude and while at
altitude, a simple linear model in hours of exposure, with the
SD equal to the estimated analytical SD for zero hours of expos-
ure (the intercept), fitted the data reasonably well. Formal tests
were carried out for departure from the forced intercept, for
different responses to prealtitude to during altitude versus
during altitude to during altitude, and for adding a quadratic
term in altitude exposure, none of which were significant with p
values of 0.331, 0.721 and 0.353, respectively. The results of
this modelling are presented in figure 4, which gives estimated
95% prediction intervals for the ‘true’ increase in ln(Hbmass),
for individuals, for different durations of altitude exposure. For
example, while it is estimated that after 300 h of exposure the
estimated median increase in Hbmass will be 3.52%, it is also
estimated that 95% of individuals will have a ‘true’ increase in
Hbmass of between 1.14% and 5.95%.


DISCUSSION
The main findings of this meta-analysis are that Hbmass increases
at approximately 1.1%/100 h of altitude exposure regardless of
whether the exposure is classic altitude (>2100 m) or LHTL
(∼3000 m), and that after a typical exposure of 300–400 h the
increase above prealtitude values persists for ∼3 weeks. In add-
ition, modelling suggests that 97.5% of individuals will have a
‘true’ increase in Hbmass after 100 h of altitude exposure.


During altitude
In 2004, Rusko et al38 combined the results of eight studies
using simple linear regression and concluded that LHTL could
increase Hbmass by approximately 0.3%/day of altitude. In
2009, Clark et al8 applied the same methodology as Rusko et al
to more recent studies and estimated that Hbmass increases at a
mean rate of 1%/100 h of exposure to an adequate LHTL alti-
tude, but with large uncertainty of this estimate (SE of estimate
±3.5%). In a review of their own data, Levine and
Stray-Gundersen39 concluded that 3 weeks of classic altitude
exposure or LHTL for 12 h/day each generated an increase in
RCV of ∼4%. The current meta-analysis confirms the estimate
of ∼1%/100 h for the pooled data of LHTL and classic altitude;
this finding contrasts with Rasmussen et al5 who concluded that
below 3000 m of classic altitude there is no statistically signifi-
cant increase in RCV within 4 weeks. The Monte Carlo simula-
tion of Rasmussen et al5 (their table 3) indicates that a 1%
increase in RCV at a 95% level of probability would take
between 13–28 days and 18–31 days of classic and LHTL alti-
tude exposure, respectively. Their simulation results contrast
with the current estimate of ∼100 h, which equates to approxi-
mately 4 and 7 days for classic and LHTL, respectively, when
the latter uses ∼14 h/day. What are the possible reasons for
these contrasting time estimates?


Two explanations are tenable and both relate to noise/error in
the data, since changes as small as 1% are below the analytical
error of even the best methods. The first consideration is that
Rasmussen et al5 selected RCV instead of Hbmass as their
outcome variable. They needed to do so in order to standardise
their data sources that were 44% from CO rebreathing, 37%
from plasma dye dilution methods and 19% from radiolabelled
albumin methods. Gore et al9 demonstrated that the typical error


Figure 2 Estimates of the change in haemoglobin mass (Hbmass)
after live high train low (LHTL, n=15) and classic (n=21) altitude
exposure. The relative weightings of estimates are indicated by symbol
size and border thickness—the largest symbols are for the highest
weighted studies which have the smallest SEs. †Outliers, the estimate
at day 4 from Frese and Friedmann-Bette,28 and the estimate at day 7
from Neya et al.24 ‡The other three estimates from Frese and
Friedmann-Bette28 (classic altitude and filled triangles) omitted from
the reported analysis. Dotted (≤20 days) and dashed (>20 days) lines
are the modelled estimates indicated in table 3.


Table 3 Estimates of changes in Hbmass from baseline
(prealtitude) to postaltitude values derived via linear mixed
modelling


Condition Percentage of increase in Hbmass


Estimate 95% CI p Value


≤20 days (after LHTL or classic) 3.41 (2.89 to 3.92) <0.001
>20 days after LHTL 1.51 (0.43 to 2.59) 0.009
>20 days after classic 0.24 (−0.55 to 1.04) 0.523


p Values refer to testing whether the associated parameter is equal to zero.
Hbmass, haemoglobin mass; LHTL, live high train low.
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of RCV from CO rebreathing and Evans blue dye (a common
plasma dye-dilution method) is ∼7%, with 90% confidence
limits of ∼3–14% and 5–9%, respectively). In contrast, the corre-
sponding typical error for Hbmass from CO rebreathing was esti-
mated at 2.2% (90% confidence limits of 1.4% to 3.5%) for
measures taken 1 day apart.9 Our best estimate of the analytical
error for Hbmass from the current meta-analysis is 2.04% (95%
confidence limits of 1.80% to 2.33%) for observations taken
zero days apart. The approximate tripling of error using RCV
instead of Hbmass relates partially to error propagation due to
the extra steps of measuring the haemoglobin concentration and
haematocrit required to estimate RCVand partially to the greater
imprecision of dye-dilution methods.9 The second consideration
is that relatively noisy data for RCV from a variety of sources will
cloud small effects even with a statistically powerful
meta-analytic approach as discussed by Rasmussen et al.5 They
state that “the inclusion of results obtained with different
methods may have increased the variance and reduced the power
of the analysis.” Indeed, they also comment that the variability in
their modelled increase in RCV across the pooled data set was
‘surprisingly large’, being an average of 49±240 mL/week. The
median RCV of Rasmussen et al’s participants was 2518 mL, so
the uncertainty of ±240 mL equates to a variation of ±9.5%


about the median RCV. This is consistent with the conclusion of
the 2005 meta-analysis9 that RCV has ∼7% error for measures
1 day apart and closer to ∼8% for measures taken a month apart,
as would be more typical with an altitude intervention. With
20% of Rasmussen et al’s5 data from radiolabelled methods, one
would have expected that their overall error may have been atte-
nuated, but substantial noise is apparent in their data for the
average estimates of the change in RCV for time spent at altitude.


Notwithstanding the large uncertainty, the average increase of
49 (±240) mL/week reported by Rasmussen et al5 corresponds
to 1.95%/week of the median RCV, or an increase of 1.16%/
100 h of altitude. This is similar to our estimate of 1.08%/100 h
for Hbmass (table 2). Therefore, despite examining mostly dif-
ferent data sets, there is good agreement about the general mag-
nitude of increase from altitude exposure between the current
meta-analysis and that of Rasmussen et al5 albeit that the latter
included substantially higher altitudes than the former.


Finally, data from lifelong altitude residents show that
Hbmass will not increase indefinitely when athletes train at alti-
tude; for instance, Schmidt et al40 found that the Hbmass rela-
tive to the body mass of cyclists from 2600 m was ∼10% higher
than that of cyclists from sea level. So after some period of
months, the increase that we report (figure 1) will plateau.41 42


Figure 3 Estimates of the within-subject coefficient of variation (CV (%)) of haemoglobin mass (Hbmass) obtained using all of the pairwise
differences in natural log of Hbmass (ln(Hbmass)) over time from the 17 studies using either repeated measures on control participants or the
prealtitude replicates on the altitude participants. A total of 80 estimates were obtained from 1003 paired differences. Three studies provided 51
estimates as a consequence of frequent serial measures on their control participants and duplicate measures at baseline on their altitude
participants: Garvican et al29 (n=25), Robertson et al20 (n=12) and Saunders et al21 (n=14). The lower panel is a repeat of the upper panel
expanding the first 40 days, with the symbol sizes indicating how many pairwise observations (on individuals) were used to generate the estimate;
a small symbol indicates ≤7 observations, a medium symbol 8–14 observations and a large symbol ≥15 observations. A dashed line on both panels
shows the fitted models; for x (days) ≤7


y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
expðe�7:8004þ0:0024xÞ�1


q
� 100


whereas for x >7


y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
expðe�7:4342þ0:0024xÞ�1


q
� 100;


Superscripted symbols indicate studies with the five largest estimates, each of which was >4%; ‡Frese and Friedmann-Bette,28 §Garvican et al29


and †Saunders et al.21
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Various models with such a plateau were tried but did not fit
our data as well as the reported quadratic model, which should
not be extrapolated beyond the range of our data; the
maximum exposure to altitude among our data was 670 h. The
fitted quadratic implies a maximum increase in Hbmass of 6.6%
after 920 h, albeit that this result is quite likely specific to the
data set that was examined and 920 h is well beyond the range
of our data. Indeed, theoretically one would have expected that
a model that would have best fitted our data would comprise a
delay constant and two exponential functions, one for rapid
changes and one for slow changes, which are typical of multi-
component acclimatisations. There should be a delay because of
the time needed for increased red cell production43 and a
steeper curve of increasing Hbmass during the first phase,29


before improved arterial oxygen content following a decrease in
plasma volume44 and an increase in ventilation caused by water
and bicarbonate excretion.45 Thereafter, a second slower phase
of increasing Hbmass would be expected.3 However, multicom-
ponent models of this sophistication did not fit our data better
than the models we derived. More elaborate models would
require more extensive data than were available, but our parsi-
monious linear model (a linear increase of ∼1%/100 h) is simple
for practitioners to apply.


Postaltitude
The veracity of the estimated increase in Hbmass during altitude
exposure is supported by the results posthypoxia from our
current meta-analysis, with a significant increase of ∼3–4%
evident following typical exposures to classic and LHTL altitude
exposure. In addition, this is the first meta-analytic attempt to
characterise the time course of Hbmass after altitude exposure.


Our modelling indicated a ∼3% increase in Hbmass for up to
20 days post classic and LHTL altitude exposure. Prommer
et al46 have most carefully characterised the time course of
Hbmass in Kenyans living temporarily near sea level; they
observed no discernible change in Hbmass for the first 14 days
and then a significant (∼2.5%) decrease after 21 days, which
was ∼3.3% in magnitude after 28 days and ∼6% after 40 days.
However, one might expect that the time course for lifelong
altitude residents might differ from that of athletes who had
only sojourned to altitude for a few weeks.


Neocytolysis, the preferential destruction of young circulating
RBCs (neocytes) by reticuloendothelial phagocytes,47 is consid-
ered the likely cause of the response after descent from alti-
tude.48 Pottgiesser et al49 explored serum erythropoietin, serum
ferritin, percentage of reticulocytes and Hbmass as indirect
markers of neocytolysis in athletes subsequent to LHTL and
concluded that there was evidence of rapid red blood cell
destruction, at least in some athletes. The data of Pottgiesser
et al are included in the current meta-analysis as part of
Garvican et al14 but when pooled with the other available
studies, the evidence for a rapid decrease in Hbmass is not
present. A recent study of Bolivians transitioning from La Paz
(3600 m) to near sea level for 6 days also reached the same con-
clusion; specifically, that Hbmass did not decrease rapidly for
altitude natives during a few days near sea level.31 However, it
needs to be acknowledged that for our meta-analysis there is a
paucity of data in excess of 7 days posthypoxia; specifically,
19 of the 31 values (61%) used in this meta-analysis were for
data collected within the first week postaltitude. In addition, the
quality of the data was noticeably better (smaller SEs) for
the data collected ≤14 days postaltitude, which adds supports to
the confidence in our conclusion that the posthypoxia increase
is significant. To better understand the time course of Hbmass
postaltitude exposure, future research should focus particularly
on generating data up to 4 weeks after exposure.


Variability of within-subject measurement
Measures less than or equal to a week apart were associated
with a within-subject CV of ∼2%, which is very similar to both
the 2.2% estimated in a previous meta-analysis for measures
taken 1 day apart9 and the estimates of 1.9 and 2% for men and
women, respectively, for measures taken on the same day.36 The
most recent estimate of the CVof Hbmass of 1.6% for measures
taken ∼12 days apart is even lower,18 which is much less than in
the present study and may reflect successive refinements to the
CO rebreathing method over time, such as higher doses of CO
and more replicate measurements of carboxyhaemoglobin,16 as
well as the use of custom quality control materials.18 In the
current meta-analysis, the SD of paired observations increased
over time for measures conducted more than 1 week apart, such
that for measures 40 days apart the within-subject CV is
∼2.68%. It should be appreciated that the estimate of within-
subject SD taken more than a few days apart includes biological
and analytical components that are independent and additive.36


In the current meta-analysis, there was little evidence of bio-
logical variation for the first week, but thereafter the additional
progressive increase in SD is evidence of biological variation.
Sources of biological variation in Hbmass of athletes include
illness, injury,50 training51 and energy intake.22


Of the 80 estimates of within-subject CV, there were 5 which
exceeded 4%, Frese and Friedmann-Bette,28 Garvican et al,29


and Saunders et al,21 and the largest of these was nearly 6%
(figure 3). The latter two of these studies provided 39 estimates
of the within-subject CV and when using small samples (n<7), a


Figure 4 Estimated median and estimated between-subject ‘true’
change in haemoglobin mass (Hbmass) in response to altitude
exposure. The solid line refers to the same quadratic model as in figure
1 with dashed lines being the upper and lower 95% individual
response limits. Where the lower limit of the individual responses was
estimated to be negative, it has been truncated at zero.
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range of estimates is expected by chance alone. For the >7-day
estimate of within-subject CV of 2.5% of this meta-analysis, the
95% limits for a change (calculated as ±1.96×√2×2.5) between
successive measures on an individual is from −6.9% to 6.9%,
since both the first and second measures will be subject to error.
So changes as large as ∼7% are likely between two measures of
Hbmass just over a week apart, and will occur 5% of the time (ie,
one in every 20 measures). Furthermore, one in every 100 mea-
sures for a control participants will quite likely show a random
change as much as 9.1% (2.57×√2×2.5), even though the
Hbmass is stable. Such data should not be discarded as outliers;
they are the inevitable consequence of measurement imprecision.


Given that the 7-day within-subject CV is ∼2% (the vast
majority of which is likely to be due to analytical errors), how
can this meta-analysis conclude that the 1% increase in Hbmass
after ∼100 h of altitude exposure is statistically significant? The
estimated change after ∼100 h at altitude (1.33%, table 2) is
about half the uncertainty of the measure. But with adequate
sample sizes, and hence statistical power, even small changes can
be detected from a conventional statistical approach. The
current meta-analysis of multiple estimates of the change in
Hbmass, derived from time series measurements using CO
rebreathing, has provided the means to do so. Radiolabelled
methods such as 51Cr to estimate RCV are the criterion, but it is
not practical to make multiple measurements on healthy athletes
before, during and after altitude exposure due to radiation con-
cerns.9 Indeed, given the findings of this meta-analysis, it would
be potentially unethical to use radiolabelled methods, which
have similar measurement error to CO rebreathing.9


Between-subject ‘true’ response
Statistically removing the analytical component of error from
the measured change in Hbmass from prealtitude to during alti-
tude and while at altitude allows a method to approximate the
‘true’ between-individual responsiveness to altitude exposure—
albeit that it is inexact (figure 4).37 Our analysis reveals that
97.5% of individuals will increase Hbmass by at least 1% after
300 h of exposure (equivalent to 12.5 days of classic altitude or
21.4 days of LHTL with 14 h/day of hypoxia); the correspond-
ing upper limit is 6%. Although these estimates are relatively
crude approximations, they imply that a 2-week camp at classic
altitude will increase the Hbmass of most athletes. Therefore,
with adequate preparation,52 coaches and athletes can undertake
such short camps with confidence such that they will quite
likely be worthwhile for most individuals. However, if measured
changes in Hbmass after a 2-week altitude camp are greater
than ∼5.5% (eg, 10%), this would be indicative of measurement
imprecision, as described in the previous subsection, rather than
a ‘true’ increase of this magnitude.


Limitations
The limitations of this study are as follows: (1) all but one of the
LHTL studies used the same simulated altitude of 3000 m, (2)
only one of the LHTL studies was conducted at terrestrial alti-
tude,24 (3) there are relatively few data in excess of 7 days postalti-
tude exposure, (4) none of the studies used double-blind placebo
interventions and (5) training data are not included. With respect
to the latter point, Garvican et al51 have modelled that a 10%
change in a 42-day training load is associated with a 1% change in
Hbmass. Thus, for a typical 3-week altitude camp, a 20% increase
in training load, which would be large for an elite athlete, might
be associated with a 1% increase in Hbmass. However, for a
classic altitude camp of 3 weeks, the mean estimated increase in
Hbmass is 5.2%, so the majority of the increase is quite likely


attributable to altitude per se. If, as is common practice, the train-
ing load was actually reduced during the altitude camp, then any
increase in Hbmass could reasonably be attributed to the altitude
stimulus. Finally, while laboratory or competition performance
postaltitude is susceptible to placebo effects,53 it is not tenable that
Hbmass can be influenced by belief.


Application
In a busy schedule of training and competition, athletes may not
be able to afford the time for the recommended 3–4 week
blocks of altitude training,6 instead opting for camps as short as
2 weeks.39 The results of this meta-analysis support the notion
that a 2-week classic camp (336 h) may be sufficient to increase
Hbmass by a mean of ∼3% and by at least 1% for 97.5% of ath-
letes. Athletes have been using altitude training of various forms
for many years54 and, given that a worthwhile increase in per-
formance for an elite athlete is of the order of 0.3–0.4%,55 56 it
is possible that they are attuned to small but important changes
in their physiology that might improve race performance. As
indicated by Jacobs,57 the possibility of type II errors (falsely
accepting null findings due to modest statistical power) may
cloud our interpretation of studies of altitude training, particu-
larly when it comes to performance. Atkinson et al58 support
this idea and state specifically that “statistical significance and
non-significance can no longer be taken as sole evidence for the
presence or absence of a practically meaningful effect.”


What are the new findings


▸ The optimised carbon monoxide rebreathing method to
determine haemoglobin mass (Hbmass) has an analytical
error of ∼2%, which provides a sound basis to interpret
changes in Hbmass of athletes exposed to moderate
altitude.


▸ During-altitude Hbmass increases by ∼1.1%/100 h of
adequate altitude exposure, so when living and training on
a mountain (classic altitude) for just 2 weeks, a mean
increase of ∼3.4% is anticipated.


▸ Living high and training low (LHTL) at 3000 m simulated
altitude is just as effective as classic altitude training at
∼2320 m at increasing Hbmass, when the total hours of
hypoxia are matched.


▸ ∼97.5% of adequately prepared athletes are likely to
increase Hbmass by at least 1% after approximately 300 h of
altitude exposure, either classic or LHTL. ‘Adequately
prepared’ includes being free from injury or illness, not
‘overtrained’ and with iron supplementation.


How might it impact on clinical practice in the near
future


▸ For athletes with a busy training and competition schedule,
altitude training camps as short as 2 weeks of classic
altitude will quite likely increase Hbmass and most athletes
can expect benefit.


▸ Athletes, coaches and sport scientists can use altitude
training with high confidence of an erythropoietic benefit,
even if the subsequent performance benefits are more
tenuous.
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ABSTRACT
Background We describe here the 3-year process
underpinning a multinational collaboration to investigate
soccer played at high altitude—La Paz, Bolivia
(3600 m). There were two main aims: first, to quantify
the extent to which running performance would be
altered at 3600 m compared with near sea level; and
second, to characterise the time course of acclimatisation
of running performance and underlying physiology to
training and playing at 3600 m. In addition, this project
was able to measure the physiological changes and the
effect on running performance of altitude-adapted soccer
players from 3600 m playing at low altitude.
Methods A U20 Bolivian team (‘The Strongest’ from
La Paz, n=19) played a series of five games against a
U17 team from sea level in Australia (The Joeys, n=20).
2 games were played near sea level (Santa Cruz 430 m)
over 5 days and then three games were played in La Paz
over the next 12 days. Measures were (1) game and
training running performance—including global
positioning system (GPS) data on distance travelled and
velocity of movement; (2) blood—including haemoglobin
mass, blood volume, blood gases and acid–base status;
(3) acclimatisation—including resting heart rate
variability, perceived altitude sickness, as well as heart
rate and perceived exertion responses to a submaximal
running test; and (4) sleep patterns.
Conclusions Pivotal to the success of the project were
the strong professional networks of the collaborators,
with most exceeding 10 years, the links of several of the
researchers to soccer federations, as well as the interest
and support of the two head coaches.


INTRODUCTION
In May 2007, for the third time in 11 years, the
Fédération Internationale de Football Association
(FIFA) vetoed international soccer games above
2500 m. The reasons given each time were (1) to
avoid potential risks to players’ health and (2)
decreased performance and therefore injustice to
the lowland team. These FIFA decisions affected
the South American countries of Colombia (Bogota
at 2600 m), Ecuador (Quito at 2800 m) and Bolivia
(La Paz at 3600 m), which are the highest locations
in the world where World Cup soccer is played.
The 2007 ban was withdrawn shortly after its dec-
laration until sufficient scientific data are available.
In October 2007, FIFA convened a meeting in


Zürich of scientists/clinicians, representatives from


Bolivia, the FIFA Medical Assessment and Research
Committee and of the ‘Association de Footballeurs
professionels’. The meeting generated a consensus
statement,1 with recommendations about soccer
performance at different altitudes, preparation to
play soccer at altitude and mitigation of acute
mountain sickness (AMS). These recommendations
were gleaned from the existent altitude literature,
which was largely derived from either endurance
athletes or from studies on mountain climbers
because there is a dearth of studies that have
described the performance of team-sport athletes at
altitude.2 Even now, there are relatively few studies
on team-sport athletes using altitude training3–7 or
the time course of acclimatisation.8


In 2000, Brutsaert et al7 described no substantial
differences in maximum aerobic power (VO2max) of
elite soccer players from near sea level within
2 days of arrival at 3600 m compared with lifelong
altitude-adapted players. After ascent, there was a
greater decrement in performance of soccer players
from sea level than for altitude-adapted players, as
well as higher ventilatory equivalents for oxygen,
higher blood lactic acid concentrations and lower
oxygen saturation. Brutsaert et al7 concluded that
soccer at 3600 m is a challenge for sea level and
altitude teams and that non-acclimatised players are
at a disadvantage compared with acclimatised
players.
In La Paz, the Instituto Boliviano de Biología de


Altura (IBBA) conducted a study during early 2007
on health status, performance and physiological
changes in soccer players from sea level (Asunción,
Paraguay, 60 m) within 48 h after arrival at high
altitude, compared with players resident in La Paz.
In the resultant publication,5 data on AMS col-
lected in 2002–2003 were also included. The
empirically developed system whereby teams arrive
at and depart from high altitude as soon as possible
before and afterwards, respectively, seemed to be
supported by a 2010 study financed by the Bolivian
Football Association (unpublished report authored
by I Eterovic). It demonstrated that for lowland
soccer players there was an 18% decline in VO2max


within 6 h after arrival in La Paz, which expanded
to 24% after 72 h. Because the altitude-induced
decrease in VO2max after 6 h was equal in both
soccer players native to altitude and to near sea
level, the Bolivian Football Federation concluded
that there is a ‘physiological window’ allowing play
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at altitude within 6 h after arrival without disadvantage for the
sea level team. Neither of these studies has been published in
international journals and apparently little notice was taken of
this information by the scientific community.


A recent retrospective analysis of the 2010 World Cup con-
cluded that technical skills were not compromised at 1200–
1750 m compared with sea level but that running performance
was reduced by ∼3%.4 Garvican et al6 is the only other soccer-
specific study that we could locate, but it dealt with preparation
of soccer players at 1600 m, which is also classified as low alti-
tude.1 Hence, soccer-specific data are warranted from moderate
to high altitude given that the North/South American rounds of
the World Cup (under the Confederation of North, Central
American and Caribbean Association Football and the
Confederacion Sudamericana de Futbol) can be played at these
altitudes. In addition, high-altitude residents frequently report
malaise and dizziness when they descend to low altitudes and
anecdotal reports describe the need for bigger boots due to per-
ipheral oedema when soccer players from altitude perform at
sea level. Thus, there is also a need to systematically study
soccer players who are normally resident at high altitude as well
as sea-level residents who need to compete at high altitude.9


Indeed, retrospective analysis of 104 years of games suggests
that soccer players from high altitude are at a greater disadvan-
tage when playing near sea level than the converse, that is, sea-
level residents competing at high altitude.9


During the October 2007 FIFA meeting in Zürich, the need
for soccer-specific studies to be conducted at altitude was sug-
gested. Nearly 5 years later, in September 2012, the current
international collaborative group succeeded in conducting a
study of soccer preparation in La Paz, Bolivia. This paper sum-
marises the steps that led to the completion of the International
study on Soccer at Altitude 3600 m (ISA3600), whereas previ-
ous attempts by notable altitude researchers (Hans Hoppeler
1994–1995; Ben Levine 2008; Bengt Saltin and Peter Bärtsch
2008–2009—personal communications) were not successful.


The aims of project ISA3600 were twofold. First, to quantify
the extent to which running performance would be altered at
3600 m compared with near sea level; and second, to character-
ise the time course of acclimatisation of physical performance
and the underlying physiology to training and playing at
3600 m. These two aims mirrored two of the three major
aspects of the FIFA consensus statement.1 Project ISA3600 also
examined the incidence and time course of AMS in soccer
players exposed to 3600 m. In addition, project ISA3600 pro-
vides, for the first time, information on physiological changes
and on performance of high altitude-adapted soccer players
playing at low altitude.


METHODS
Subjects and design
The project design (figure 1) was a time series measurement of
Bolivian (n=19) and Australian (n=20) soccer players during
6 days near sea level (Santa Cruz, Bolivia; 430 m), followed by
12 days in La Paz (3600 m). The player characteristics are
shown in table 1. The Bolivian group was selected from ‘The
Strongest’ club, which had won their national soccer league for
the past 2 years, and comprised U20 players who were antici-
pated to provide an even contest for the Australians during
games. Altitude baseline measurements were also made on the
Bolivian soccer players in La Paz, in the 5 days before they trav-
elled to Santa Cruz, since there is evidence of neocytolysis in
altitude residents descending to sea level.10 The Australian
group was the U17 National team, called The Joeys, with half


from the Australian Institute of Sport (AIS) and the other half
selected from state-based programmes in Australia. All players,
or their guardians if under 18 years, provided written consent.


Study themes
The major measurements of project ISA3600 fall into four
themes:
▸ Game and training running performance measures—including


global positioning system (GPS) data (miniMaxX—10 Hz,
Catapult Innovations, Melbourne, Australia) on distance trav-
elled, speed of movement and the associated heart rate (HR,
Polar Team system 2, Polar, Kempele, Finland); sprints using
electronic timing gates (Fusion Sport, Coopers Plains,
Queensland, Australia) and the Yo-Yo IR1 test11; as well as
ratings of perceived exertion (RPE, CR-10 Borg scale12)


▸ Blood measures—including haemoglobin mass (CO-rebreathing
method13), haemoglobin concentration, blood volume, blood
gases and acid–base status.


▸ Acclimatisation measures—Lake Louise Questionnaire assess-
ment of AMS,14 HR and RPE responses to a submaximal
running test,15 16 morning (resting) HR variability17 and per-
ceived wellness measures.18


▸ Sleep—including assessments of sleep quantity and quality using
wrist activity monitors (Actical Z-series; Philips Respironics,
Inc, Pennsylvania, USA) and polysomnography (Siesta V1 and
V802; Compumedics Limited, Victoria, Australia).
While each of the four companion papers to this parent paper


will describe their salient methods in detail,19–22 it is relevant to
provide an overview of the entire project ISA3600 to understand
why additional measures were not made within each theme. A key
overarching principle of project ISA3600 was to provide a good
preparation of The Joeys who were attempting to qualify for the
U17 World Cup via the U16 Asian Football Cup in Iran, approxi-
mately 2 weeks after being in Bolivia. Consequently, the research
team could not afford to sour the relationship with The Joeys pro-
gramme and its parent body, the Football Federation of Australia
(FFA). Thus, the total number of measures and their sequencing
had to fit around The Joeys’ coach requirements of sufficient time
for skill development, fitness training and team bonding, in addition
to adequate rest, meals and sleep. The programme of games,
research testing and training was developed collectively between the
coaches and key researchers. A satisfactory balance was achieved,
but it was at the limits of what was tolerable by an experienced
research team with coaches receptive to the science and young
players who were compliant. To this end, all players from both
teams were given a ‘day off ’ from testing on day 7 at altitude. More
invasive measures such as muscle biopsy assessment of muscle mito-
chondrial function,1 2 23 which would have been of great interest,
were not tenable for the Australian or the Bolivian players.


Staffing
In addition to 39 soccer players (table 1), there were 21 support
staff to assist with the project (table 2). Thus, a total of 60
players, scientists, coaches, medical and technical staff were in
Bolivia for project ISA3600.


Challenges
One of the challenges faced by the Australian players was the
initial trip from Australia to Bolivia. The trip involved a 10 h
eastward time zone change between Sydney (GMT +10 h) and
Santa Cruz (GMT −4 h). In Santa Cruz, the Australian group
followed a schedule of exposure to, and avoidance of, sunlight
using the principles described in Eastman and Burgess.24 This
schedule was designed to aid their acclimatisation to the new
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time zone by a 10 h advance of their body clock. Baseline
testing of The Joeys in Santa Cruz thus occurred after 30 h of
travel plus one night of sleep.19 Thus, The Joeys’ baseline mea-
sures are potentially compromised. But this means that any
running performance decrement at altitude (La Paz) would be a
robust decrease compared with a potentially lowered baseline in
Santa Cruz.


Data analysis
A combination of conventional and contemporary statistical
techniques was used by the different theme papers. With two
groups of nearly 20 players and large magnitude effects likely
due to the high altitude, the project had mostly adequate statis-
tical power.


Using conventional statistics for sample size estimates, 12 par-
ticipants in each group (n=24 in total) would be required to
make clinically decisive inferences on differences in total haemo-
globin mass assuming a typical error of 2%, a reference


threshold of 3% and types I and II errors of 5% and 20%,
respectively. Using magnitude-based inferences, seven partici-
pants in each group are needed (n=14 in total), for the same
assumptions for typical error and the reference threshold, and
for setting the chances of detrimental effects to 0.5% and the
chance of benefit to 25%. For distance covered from GPS data,
the anticipated changes based on the decrease in VO2max at this
altitude25 will more likely be of the order of 25%, but even
with a typical error of ∼30%, a sample size of 17 per group
(n=34 in total) is also sufficient for magnitude-based inferences
for this parameter during training. But with only 11 players
allowed on the field during a game, the study is potentially
underpowered for GPS data.


CONCLUSIONS
The interpretation of results of each theme was contained in the
companion papers19–22 and will not be considered here.
Instead, perhaps of most relevance for the discussion of this


Figure 1 Study design showing the game, training, blood, acclimatisation and sleep measures. Hbmass—haemoglobin mass measured via
CO-rebreathing; blood gas—capillary sample for oxyhaemoglobin (Hb-sO2), partial pressure of oxygen (Po2), partial pressure of carbon dioxide (Pco2)
and acid–base status; Game—The Strongest versus The Joeys official game; field testing—included Yo-Yo intermittent recovery level 1 and 40 m
sprint; air travel—domestic and international air travel, the double plane symbol indicates long-haul travel between Australia/Bolivia or return
(∼30 h of travel each way); polysomnography; and actigraph—sleep monitoring; training monitoring—heart rate (HR) and global positioning
systems (GPS), HR responses to a 5 min submax run before each session; wellness—morning wellness monitoring, including Lake Louise
Questionnaire and HR variability; post game blood—venous blood sample within 90 min postgame for measurement of blood markers of changes
in erythropoiesis.
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(Methods) paper is the consideration of why project ISA3600
was successful, whereas previous attempts to quantify soccer
competition at high altitude were not. Contributing factors
include the personal networks of the researchers and a realistic
research agenda that did not impact excessively on player prep-
aration for games.


Networks
At the October 2007 FIFA meeting in Zürich, among the repre-
sentatives from high altitude countries were HS and Dr Vargas
(a former Director of IBBA who had good relations with the
Bolivian soccer authorities and who had conducted several sci-
entific studies on soccer players at low and high altitudes). Also
in attendance were WFS and CJG, who had a long-standing
professional relationship (figure 2). These networks were the
foundation for conducting a successful soccer study in La Paz.


In mid-2009, collaborators WFS and CJG decided to vigor-
ously pursue the concept of project ISA3600; however, it took
more than 3 years of planning and negotiation to conduct the
study in September 2012. In 2010, an application to AIS for
funding was rejected because the altitude of La Paz was much
higher than that to which the Australian team sport players
might be subjected, since Australia competes in the Asian con-
federation of the FIFA World Cup qualifying rounds, where
Kunming (1900 m), China is most likely the highest stadium.


More than a year later (November 2011), collaborators CJG
and RJA (figure 2) won a grant of ∼$A50 000 from the AIS and
Victoria University to study soccer at high altitude. The grant
collaborators included WFS, Dr Vargas and the head of medical
services for the FFA, whom CJG and RJA had been able to
assist with the U20 Young Socceroos team preparing to play the
2011 U20 World Cup in Colombia at moderate altitude.6 This
interaction with the FFA, coupled with CJG’s long-standing
relationship with FFA’s Head of National Teams and
Development, opened the door to further collaboration on the
effects of altitude on soccer performance. WFS’s seed funding
of €10 000 as part of the AIS/Victoria University grant was a
critical catalyst to project ISA3600, as was the promise of
in-kind support from Vargas. During early 2012, via Bourdon
(figure 2), an additional ∼$A50 000 grant was secured from the
ASPIRE Zone Foundation (AZF) because of AZF’s nascent
interest in altitude research and their strong focus on develop-
mental soccer players. Thus, based on cash grants exceeding
$A115 000, the project team was able to approach the FFA in
2012 for endorsement and financial support to fund a team
doctor and two coaches (table 3).


One of the last but most critical aspects of project ISA3600
was finding soccer teams who would not only comply with the
scientific rigour of the project, but would also benefit from mul-
tiple games played at altitude. ‘The Strongest’ team, one of the
three professional clubs from La Paz with a history spanning
>100 years, was identified as the likely opponent, due to the
existing relationship between staff from IBBA (RS) and ‘The
Strongest’. In 2012, the AIS soccer programme comprised an
U17 cohort, approximately half of whom were likely to make
The Joeys team. Because an altitude training camp in late
August to early September 2012 could potentially provide
strong preparation for the 2012 U16 Asian Football Cup in Iran
(the qualifying tournament for the 2013 U17 World Cup),3 the
FFA was also supportive of project ISA3600. Importantly, the


Figure 2 Relationships underpinning project ISA360, with cash and/or
in-kind contributions from all organisations. The line thickness indicates
the duration of the relationship. AIS, Australian Institute of Sport; IBBA,
Instituto Boliviano de Biologia de la Altura; ISA360, International study
on Soccer at Altitude 3600 m.


Table 1 Participant characteristics


Groups


Australian (N=20) Bolivian (N=19)


Age (years) 16.0±0.4 18.1±1.0
Height (cm) 178.6±4.6 171.1±6.3
Age from peak height velocity (years)26 +2.4±0.5 +2.9±0.8
Mass (kg) 66.7±5.6 63.6±7.2
Lean body mass (kg) 60.8±4.5 57.4±6.1


Altitude of birth (m) 22±8 3333±554
Haemoglobin concentration (g/dL) 15.0±0.9 18.2±1.0
Haemoglobin mass (g) 797±75 833±104
Ferritin (mg/L) 79±51 52.9±19.1


Values are mean±SD.
Data for age, height, age of peak height velocity, mass and lean body mass are as
determined on day 10 at altitude. Initial haemoglobin concentration, haemoglobin
and ferritin were determined at the normal altitude of both groups (ie, Australians in
Santa Cruz at 430 m and Bolivians in La Paz at 3600 m).


Table 2 The 21 scientific and soccer support staff from the
partner organisations who travelled to Bolivia


Organisations Number Role


Australian Institute of Sport (AIS) 1 Scientist
AIS Soccer Programme 2 Coach


1 Team manager
1 Physiotherapist


ASPIRE Academy for Sports Excellence 3 Scientist
Central Queensland University 2 Scientist
Football Federation of Australia 1


2
Doctor
Coach


Instituto Boliviano de Biología de Altura 2 Scientist


The Strongest 2 Coach
University of Bayreuth 3 Scientist
Victoria University 1 Scientist
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head coach of The Joeys was open-minded and supportive of
the project, as was the coach of The Strongest.


Scoping visits
In April 2010, WFS undertook an initial scoping visit of
∼1 week to IBBA in La Paz and to Santa Cruz. His aim was to
ensure the collaboration of IBBA and of the chief administrators
of the relevant departments of La Paz and Santa Cruz to
provide access to stadiums in each city. In early June 2012,
three members of the project team undertook a second scoping
visit to Santa Cruz and La Paz. They confirmed the suitability of
playing fields and rooms for testing the athletes, verified the
quality of training facilities, accommodation and dining arrange-
ments. The group also met the President of the Bolivian
Football Federation to confirm the Federation’s support for
project ISA3600, as well as the representatives and coaches from
‘The Strongest’. Both scoping visits were vital for project
ISA3600. They ensured that the main project started in a timely
fashion and helped to circumvent most issues beforehand.


On the ground
The five games were played under the supervision of official
FIFA referees in the Ramon Tahuichi Aguilera (Santa Cruz,
430 m) and Hernando Siles (La Paz, 3600 m) stadiums with
international soccer rules applying. In Santa Cruz and during
the first week in La Paz, all players, coaches and scientists
resided in the same hotels, which were located directly across
from the stadiums. Owing to budget restrictions the Bolivian
players had to reside in their own homes during the second
week in La Paz. In Santa Cruz, the stadium was available for
daily training; however, in La Paz, the training facilities had to
be arranged outside the game venue. All training venues in La
Paz were >3500 m, except for the field testing venue at Lipari
(3000 m), which is 16 km from La Paz. Lipari was used because
it provided excellent test conditions, whereas an adequate train-
ing surface could not be located in the centre of La Paz on the
required days at times that suited the coaches. In Santa Cruz
and La Paz, hotel rooms were set up as temporary laboratories
for all measurements outside of those made on the soccer field.
Blood centrifugation and storage were arranged at a local


medical laboratory in Santa Cruz and in the IBBA laboratory in
La Paz.


Several other temporary problems, such as delays in releasing
equipment from Bolivian Customs, damaged medical equipment
and transportation (eg, a city wide traffic ban was applied in La
Paz on the day of the last game), were all circumvented effect-
ively by RS and his colleagues. Consequently, the study was con-
ducted largely as initially planned.


Conclusions
This attempt to quantify the acute and chronic effect of 3600 m
altitude on the soccer running performance, haematology, train-
ing, sleep and well-being of adolescent soccer players was suc-
cessful as a result of alignment of a group of well-networked
researchers with a long history of collaboration as well as rele-
vant connections to soccer associations in Bolivia and Australia.
However, such applied research can only be successful in the
long term if the scientific and soccer groups find this type of
project worthwhile.


What are the new findings?


▸ The main findings are summarised in the four companion
papers in this supplement. These address game and training
running performance, acclimatisation, haematology, and
sleep of national level junior soccer players competing at
high altitude (3600 m), respectively.


▸ Other researchers attempting to examine soccer played at
high altitude in South America will also most likely need to
have a parsimonious research agenda agreed to by the
coaches and participating soccer federations.


▸ The logistical and political constraints of research at altitude
in South America are far more challenging than the scientific
measurements.


How might it impact on clinical practice in the near
future?


▸ The collective results from the four studies may be
considered by the Fédération Internationale de Football
Association (FIFA) to provide the best available data about
soccer played at high altitude.


▸ This study could encourage other researchers to investigate
the acclimatisation of international calibre adult soccer
players at high altitude.


▸ The combined results are also relevant to individual and
team-sport athletes seeking to compete at high altitude.
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Table 3 The cash and in-kind contributions (in Australian dollars)
of the partner organisations


Organisations
Cash or
grant


Additional funding
support (cash or in
kind)* Total


AIS including AIS
Soccer programme


$A60 000 $A15 000 $A75 000


ASPIRE Zone
Foundation


$A50 000 $A65 000 $A115 000


Central Queensland
University


$A5000 $A20 000 $A25 000


FFA – $A10 000 $A10 000
IBBA – $A5 000 $A5000
University of Bayreuth $A14 000 $A41 000 $A55 000
Victoria University $A35 000 $A2000 $A37 000


Grand total* $A322 000


*The cost of equipment such as of 22 miniMaxX global positioning systems (GPS,
∼$A90 000), 40 Actical Z-series wrist activity monitors (∼$A32 000), 2 Radiometer
CO-oximeters (∼$A30 000) and 6 Compumedics Siesta polysomnography systems
(∼$A93 000) has not been included as in-kind support.
AIS, Australian Institute of Sport; FFA, Football Federation of Australia, IBBA—
Instituto Boliviano de Biología de Altura.
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ABSTRACT
Aim To quantify the year-to-year variability of altitude-
induced changes in haemoglobin mass (Hbmass) in elite
team-sport athletes.
Methods 12 Australian-Footballers completed a
19-day (ALT1) and 18-day (ALT2) moderate altitude
(∼2100 m), training camp separated by 12 months.
An additional 20 participants completed only one of the
two training camps (ALT1 additional n=9, ALT2
additional n=11). Total Hbmass was assessed using
carbon monoxide rebreathing before (PRE), after (POST1)
and 4 weeks after each camp. The typical error of Hbmass
for the pooled data of all 32 participants was 2.6%.
A contemporary statistics analysis was used with the
smallest worthwhile change set to 2% for Hbmass.
Results POST1 Hbmass was very likely increased in ALT1
(3.6±1.6%, n=19; mean±∼90 CL) as well as ALT2
(4.4±1.3%, n=23) with an individual responsiveness of
1.3% and 2.2%, respectively. There was a small
correlation between ALT1 and ALT2 (R=0.21, p=0.59)
for a change in Hbmass, but a moderately inverse
relationship between the change in Hbmass and initial
relative Hbmass (g/kg (R=−0.51, p=0.04)).
Conclusions Two preseason moderate altitude camps
1 year apart yielded a similar (4%) mean increase in
Hbmass of elite footballers, with an individual
responsiveness of approximately half the group mean
effect, indicating that most players gained benefit.
Nevertheless, the same individuals generally did not
change their Hbmass consistently from year to year. Thus,
a ‘responder’ or ‘non-responder’ to altitude for Hbmass
does not appear to be a fixed trait.


INTRODUCTION
High variability in physiological and performance
responses exists between individuals following live
high, train high (LHTH) and live high, train low
(LHTL) altitude training. It has been proposed that
some individuals respond better than others, pos-
sibly due to inherent genetic traits, and that
‘responders’ and ‘non-responders’ might explain
the high-variability in adaptations to altitude train-
ing.1–5 Indeed, Chapman et al4 retrospectively clas-
sified a group of distance runners as ‘responders’ or
‘non-responders’, based on their change in 5000 m
time trial performance, following 28 days of
LHTL. These authors4 reported that athletes who
improved their time trial also exhibited the greatest
erythropoietin (EPO) response and subsequent
changes in red cell volume and VO2max.
If the classification of ‘responder’ and ‘non-


responder’ is a fixed trait, possibly related to under-
lying genetics, individual athletes should respond
similarly whenever undergoing altitude exposure of


similar duration and altitude. Only two studies
until now3 5 have investigated the repeatability of
responses to altitude. Robertson et al3 followed
eight highly-trained runners during two blocks of
hypoxic exposure (3 weeks LHTL), separated by a
5-week washout period, and reported reproducible
group mean increases for VO2max (∼2.1%) and
haemoglobin mass (Hbmass (∼2.7%)), but not for
mean changes in time trial performance (+0.5%
and −0.7% following exposures 1 and 2, respect-
ively). Moreover, there was a moderate but unclear
negative correlation for change in Hbmass from one
exposure to the next,3 demonstrating high variabil-
ity in individual responsiveness between exposures.
Similarly, Wachsmuth et al5 reported a weak correl-
ation (r=0.379, p=0.160) between Hbmass


responses following two altitude training camps
conducted approximately 3 months apart with elite
swimmers, despite very reproducible increases in
serum EPO (R=0.95, p<0.001).
Team-sport athletes often complete preseason


altitude training camps in an attempt to optimise
running performance and we recently reported
improved running performance (∼1.5% above
matched sea level control) accompanied by a 3.6%
increase in Hbmass following 19 days of LHTH in
elite team-sport athletes.6 Similar to previous inves-
tigations,1 2 we reported high variability in erythro-
poietic responses, which may be partially explained
by levels of initial Hbmass


7; however, much of this
variability remains unexplained. The possible iden-
tification of ‘responders’ and ‘non-responders’ after
a single altitude training camp, or after an acute
hypoxic exposure, may allow prescription of alti-
tude training to be targeted towards those athletes
who ‘respond’ well, and/or alternative methods/alti-
tudes adopted in an attempt to enhance the
response of potential ‘non-responders’.
Therefore, the primary aim of this study was to


examine the variability of physiological responses
between two similar LHTH preseason training
camps in professional Australian-Football players.
A secondary aim was to identify potential factors
that may influence responsiveness to altitude expos-
ure, such as preintervention Hbmass, energy balance
and health status. It was hypothesised that there
would be a moderately strong correlation between
the magnitude of physiological changes from
exposure 1 to exposure 2.


METHODS
Subjects
Twelve Australian-Football players completed a
19-day (ALT1) and 18-day (ALT2) moderate alti-
tude (∼2100 m) training camp, separated by
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12 months. Results from ALT1 have been previously reported.6


An additional 20 participants completed only one of the two
training camps (ALT1—additional n=9, ALT2—additional
n=11). All training and testing took place during the Australian
Football League preseason from November to January, follow-
ing a 6-week, off-season break. All participants provided written
informed consent. All participants were supplemented with oral
ferrous sulfate (325 mg/day) throughout the intervention
period, and athletes identified as having low serum ferritin pre-
intervention (serum ferritin ≤30 mg/L; n=3) were given a
single, 2 mL ferrum H injection (Aspen Pharmacare,
St Leonards, Australia; equivalent to 100 mg of iron) prior to
the altitude camp.


Training
During ALT1, participants completed an 8-week training block,
including 19 days living and training at moderate altitude in
Flagstaff, Arizona, USA (elevation ∼2100 m). One year later,
participants completed a similar 8-week training block, includ-
ing 18 days living and training at moderate altitude in Park City,
Utah, USA (elevation ∼2000 m). Both training blocks included
endurance training, resistance exercise and football specific
training (see table 1). All training was prescribed by team
coaches and monitored through session rating of perceived exer-
tion (RPE).8 This method calculates a total load (arbitrary units
(AU)) by multiplying the session-RPE (Borg’s Category Ratio
10-Scale) by the session duration, which is a valid method to
quantify training loads in high-intensity, intermittent team
sports.9


Haematological measures
All participants’ Hbmass was measured using the optimised
carbon monoxide (CO) rebreathing technique10 5 days (D−5)
before altitude exposure (PRE see figure 1). Hbmass was mea-
sured again one (D1), 13 (D13) and 17 days (D17/POST1) after
ascent during ALT2 only, and 5 days postdescent (POST1) in
ALT1 only. Hbmass was measured again 28 days postdescent in
both groups (POST2). Change in Hbmass (ΔHbmass) was calcu-
lated from PRE in ALT1, and from the mean of D−5 and D1 in
ALT2. Briefly, participants rebreathed a bolus of 99% CO
equivalent to 1.0 mL/kg of body mass through a glass spirom-
eter (BloodTec, Bayreuth, Germany) for 2 min. Per cent carb-
oxyhaemoglobin (%HbCO) in fingertip capillary blood was
measured using the same OSM3 hemoximeter (Radiometer,
Copenhagen, Denmark) before and 7 min after administration
of the CO dose. CO doses administered at altitude were


adjusted for changes in the partial pressure (doses at ∼2000 m
equivalent to 1.3 mL/kg). Six repeat measures of %HbCO were
made for improved precision in Hbmass estimation.11 All Hbmass


measurements were performed by the same technician. Venous
blood samples were collected at PRE, 3 days (D3) and 16 days
(D16) after ascent and 13 days postdescent (POSTD13) in ALT2
only. Samples were centrifuged, serum decanted and frozen at
−80°C, and transported to Canberra, Australia for analysis of
serum EPO (for ALT2 only), in one batch, using an automated
solid-phase, sequential chemiluminescent Immulite assay
(Diagnostics Product Corporation, Los Angeles, USA). PRE and
POSTD13 samples were analysed for reticulocyte count using a
Sysmex XE-5000 Automated Haematology Analyser (Roche
Diagnostics, Castle Hill, Australia) at St Vincent’s Hospital
Pathology (Fitzroy, Australia), while D3 and D16 samples were
analysed using a Sysmex XT-4000i Automated Haematology
Analyser (Sysmex, Lincolnshire, USA) at Park City Medical
Centre (Park City, USA). Serum ferritin was assessed at PRE
using an AU5800 immuno-turbidimetric assay (Beckman
Coulter, Lane Cove, Australia) to identify iron-deficient
participants.


Body mass and illness
Body mass was monitored daily on waking (07:00–08:00) in a
well hydrated state (confirmed through urine specific gravity
measures (URC-NE, Atago, Tokyo, Japan)) throughout the inter-
vention period using electronic scales (Tanita, Kewdale,
Australia). Changes in body mass were calculated from the first
to the last day at altitude during both camps. Athletes were clas-
sified as ‘ill’ if any training session was missed throughout the
intervention period due to physical illness, excluding musculo-
skeletal injuries.


Statistical analysis
A magnitude-based statistical approach12 was used to detect
small effects of practical importance. Data were log-transformed
to account for non-uniformity error. Differences within and
between groups were assessed with dependent and independent
t tests for unequal variance.12 The magnitude of changes were
assessed in relation to the smallest worthwhile change (SWC),
set to 2% for Hbmass and a small effect size (d=0.2×the
between-participant SD for PRE) for other variables. Observed
effects were reported as the mean change or difference ±90%
confidence limits. Effects were termed positive, trivial or nega-
tive depending on the magnitude of the change relative to the
SWC and assigned a qualitative descriptor according to the like-
lihood of the change exceeding the SWC: 50–74% ‘possible’,
75–94% ‘likely’, 95–99% ‘very likely’, >99% ‘almost cer-
tainly’.13 Effects where the 90% CI overlapped simultaneously
the substantially positive and negative thresholds were deemed
‘unclear’. The magnitude of individual responses were calcu-
lated from the square root of the difference in the variance of
the change scores.14 A Pearson’s correlation coefficient was used
to examine the relationship between percentage change in
Hbmass (%ΔHbmass) from ALT1 to ALT2 and the relationship
between initial Hbmass and change in Hbmass. Because one parti-
cipant’s results appeared to heavily influence the relationship
from year to year, a Pearson’s correlation was also performed
after removing these data. Participants who reported illness
(ALT1 n=2, ALT2 n=3, total n=5) were removed from correl-
ation analyses, as proinflammatory cytokines suppress EPO pro-
duction.15 Participants were also retrospectively divided into
groups classified as BodyMassstable (gained mass or lost
<2.0 kg), or BodyMassloss (lost >2.0 kg).


Table 1 Typical training week during intervention period


Day 1 2 3 4 5 6


AM Football Technical Football Football Resistance
PM Cross train Resistance Resistance Cross train Hike


Day 7 8 9 10 11 12
AM Hike Football Resistance Football
PM Cross Train Resistance Cross train
Day 13 14 15 16 17 18
AM Football Resistance Football Resistance Resistance Football
PM Resistance Technical Technical Cross train


Football=Australian-Football specific skills and running (90–120 min),
resistance=strength training (40–70 min), cross train=non-specific training (eg,
swimming, cycling and boxing; 20–60 min), technical=skills based Australian-Football
session (light intensity; 20–60 min), hike=outdoor recreational hiking (120–240 min).
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RESULTS
Training load, duration and RPE
Weekly training load, duration and RPE for all participants are pre-
sented in table 2A. The overall training load was very likely 5.5
±4.8% (mean±90% CI) higher and mean RPE almost certainly
7.2±2.6% higher in ALT1 compared to ALT2. Training duration
was very likely 12.6±3.6% higher in ALT2 compared to ALT1.


The weekly training load, duration and RPE for healthy
repeat participants (n=9) are presented in table 3. There was an
unclear 0.5±3.5% difference in the overall training load
between ALT1 and ALT2. The overall mean RPE was very likely
5.1±2.8% lower and training duration was almost certainly
13.5±2.4% higher in ALT2 compared to ALT1.


Haemoglobin mass
Hbmass (all participants): The typical error of Hbmass for the
pooled data of all 32 participants, for measures made


approximately 5 days apart, was 2.6% (90% CI of 2.1% to
3.3%). Mean (±SD) Hbmass in ALT1 (n=21) and ALT2 (n=23)
groups preintervention was 992±129 and 1008±159 g, respect-
ively. %ΔHbmass from baseline is displayed in figure 2. Mean %
ΔHbmass (±90% CL) was very likely increased at POST1 in
ALT1 (3.6±1.6%, with individual responsiveness of 1.3%) and
almost certainly increased at D13 (3.9±1.0%) and D17 (4.0
±1.3%, with individual responsiveness of 2.2%) in ALT2.
Differences in %ΔHbmass between ALT1 and ALT2 from PRE to
postintervention (POST1 and D17 during ALT1 and ALT2,
respectively) were unclear (−1.3±7.0%). Hbmass returned to
baseline at 4 weeks postaltitude in ALT1 and ALT2. There was a
negative correlation (R=−0.51, p=0.04; see figure 3) between
initial Hbmass relative to body mass (RelHbmass) and %ΔHbmass


at POST1 in healthy BodyMassstable participants (n=30).
Hbmass (participants completing ALT1 and ALT2): There was


a trivial difference in Hbmass at PRE for ALT1 (1023±143 g)


Figure 1 Timeline of haemoglobin mass (Hbmass) collection over ALT1 and ALT2.


Table 2 Training load, training duration and rate of perceived exertion (mean±SD) during ALT1 and ALT2


ALT1 (n=21) ALT2 (n=23)
Per cent chances for ALT1 to be
greater/similar/smaller than the SWC compared with ALT2


Training load (arbitrary units)
Preintervention week 2260±571 2668±488 2/14/84 (ALT2 very likely higher)
Week 1 4765±685 4861±695 42/43/15 (Unclear difference)
Week 2 4962±313 4790±538 74/24/3 (ALT1 possibly higher)
Week 3 4536±240 3714±194 100/0/0 (ALT1 almost certainly higher)


Training duration (min)
Preintervention week 536±118 705±128 0/0/100 (ALT2 almost certainly higher)
Week 1 702±95 885±59 0/0/100 (ALT2 almost certainly higher)
Week 2 748±41 697±37 0/0/100 (ALT1 almost certainly higher)
Week 3 597±9 620±12 0/0/100 (ALT2 almost certainly higher)


Rate of perceived exertion
Preintervention week 4.84±0.58 5.37±0.51 0/0/100 (ALT2 almost certainly higher)
Week 1 6.97±0.26 5.48±0.58 100/0/0 (ALT1 almost certainly higher)
Week 2 6.35±0.13 6.12±0.49 92/7/1 (ALT1 very likely higher)
Week 3 6.49±0.38 5.94±0.28 100/0/0 (ALT1 almost certainly higher)
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versus ALT2 (1017±135 g) in participants completing both
training camps (n=12). In these participants, Hbmass very likely
increased at POST1 in ALT1 (3.7±2.5%) and at D17 in ALT2
(4.2±2.4%). A weak correlation between individual %ΔHbmass


was observed between ALT1 and ALT2 (n=12; R=0.12,
p=0.71), which was marginally stronger when participants who
reported illness in ALT2 were not included ((n=9; R=0.21,
p=0.59) see figure 4). After removing one participant who was
influencing the results heavily, the correlation between Hbmass


from year to year reduced to R=0.02 (n=8, p=0.96, figure 4).
Hbmass (ill vs healthy participants): figure 5A shows %


ΔHbmass for participants separated into healthy (n=39) and ill
(n=5) groups. Ill participants had a trivial 0.2±2.4% change in
Hbmass at POST1, which was almost certainly 3.9±1.1% lower
than changes in healthy participants. There was a trivial 1.1
±1.6% difference in Hbmass between ill and healthy participants
at POST2.


Hbmass (BodyMassstable vs BodyMassloss participants): Changes
in body mass and Hbmass and body mass for the BodyMassstable
(n=30) and BodyMassloss (n=9) groups are presented in figure
5B, C, respectively. BodyMassloss participants very likely lost 2.6
±0.9 kg from PRE to POST1, while BodyMassstable participants
had a trivial 0.2±1.3 kg change in body mass. BodyMassloss


participants possibly increased in Hbmass by 2.6±1.8% at
POST1, which was possibly 2.4±2.1% lower than the changes
in the BodyMassstable group. At POST2, BodyMassloss partici-
pants had a possible 2.3±2.7% decrease in Hbmass from PRE,
which was very likely 3.9±1.9% lower than the BodyMassstable
group.


Reticulocytes and EPO—for ALT2 only
Figure 6 shows reticulocyte percentage and EPO concentrations
for ALT2. Compared with PRE, reticulocytes almost certainly
increased by 39±12% at D3 and very likely increased 16±10%
at D16. Reticulocytes almost certainly reduced from PRE by
27±10% at POSTD13. EPO almost certainly increased by
36±10% and 22±10% from PRE at D3 and D16, respectively,
and almost certainly reduced from PRE by 16±16% at
POSTD13.


DISCUSSION
The main finding of the current investigation is that, while two
preseason moderate altitude camps yield a similar group mean
increase (∼4%) in Hbmass of elite footballers, there is wide vari-
ability in this erythropoietic response and individual athletes do
not exhibit consistency in changes in Hbmass from year to year.


Table 3 Training load, training duration and rate of perceived exertion (mean±SD) for the nine participants completing both ALT1 and ALT2


ALT1 ALT2
Per cent chances for ALT1 to be greater/similar/smaller
than the SWC compared with ALT2


Training load (arbitrary units)
Preintervention week 2497±349 2838±201 1/2/97 (ALT2 very likely higher)
Week 1 5138±150 5091±323 49/31/20 (Unclear difference)
Week 2 5002±116 4929±337 45/47/8 (Unclear difference)
Week 3 3833±257 3711±185 75/18/7 (ALT2 possibly higher)


Training duration (min)
Preintervention week 550±93 765±80 0/0/100 (ALT2 almost certainly higher)
Week 1 730±15 902±10 0/0/100 (ALT2 almost certainly higher)
Week 2 763±8 696±39 0/0/100 (ALT1 almost certainly higher)
Week 3 625±13 597±21 0/0/100 (ALT1 almost certainly higher)


Rate of perceived exertion
Preintervention week 4.71±0.57 5.56±0.28 100/0/0 (ALT2 almost certainly higher)
Week 1 6.17±0.19 5.74±0.38 99/1/0 (ALT1 very likely higher)
Week 2 6.36±0.13 6.17±0.37 85/11/3 (ALT1 very likely higher)
Week 3 6.59±0.35 5.94±0.30 100/0/0 (ALT1 almost certainly higher)


Figure 2 Percentage changes in
haemoglobin mass (Hbmass) (mean
±90% CI) after altitude ALT1
and ALT2.
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Thus, a ‘responder’ or ‘non-responder’ to altitude does not
appear to be a fixed trait with respect to changes in Hbmass.
Some of the variability in erythropoietic response may be
explained by the incidence of illness, reductions in body mass
and precamp Hbmass, but large variability is still evident in
healthy athletes who maintain body mass. Another important
finding is that almost all of the erythropoietic response of an
18-day altitude camp (ALT2) occurred within the first 13 days
of exposure.


Repeatability of changes in Hbmass


We previously reported that elite team-sport athletes achieved a
mean increase of ∼3.6% in Hbmass over a 19-day altitude
camp.6 During a subsequent 18-day exposure (ALT2), our


participants achieved a similar mean increase in Hbmass of 4%.
However, in agreement with other work,1 4 16 there was consid-
erable individual variability in the erythropoietic response.
Chapman et al4 introduced the concept of ‘responders’ and
‘non-responders’ to altitude when they found that participants
who achieved the greatest improvements in 5000 m running
performance following LHTL also demonstrated the greatest
erythropoietic response. This led to suggestions that the magni-
tude of an individual’s response to altitude may be influenced
by genetically determined traits.4 17 This theory proposes that
individuals should respond similarly on subsequent hypoxic
exposures, given the same hypoxic dose (ie, exposure time and
degree of hypoxia). However, we observed a small correlation
between changes in Hbmass following ALT1 and ALT2 (R=0.21)
in participants who completed both training camps (n=9),
which was reduced to R=0.02 when the sole outlier was
removed. This supports previous investigations3 5 that have
reported weak (R∼0.10–0.38) relationships between changes in
Hbmass following repeated altitude exposures ∼1–3 months
apart, suggesting that responsiveness to a given hypoxic stimulus
is not a fixed trait. The ∼2% typical error of the optimised CO
rebreathing technique10 18 along with natural biological varia-
tions19 20 may, in part, contribute to the variability from expos-
ure to exposure.


Timeline of erythropoietic response
It is well accepted that a sufficient hypoxic dose (h/day; number
of days; degree of hypoxia) is required to induce detectable
erythropoietic benefit.21 22 Wilber et al21 suggested that altitude
training at 2000–2500 m for at least 22 h/day and a minimum
of 4 weeks is required to optimise physiological benefits.
However, these recommendations are based on data from
studies that examined erythrocyte volumes pre and postaltitude
exposure, with little data addressing the time course of
responses. Recently, detectable increases in Hbmass have been
reported with exposures as short as 1123 and 13 days5.
Similarly, we observed an ∼4% increase in Hbmass after 13 days
at altitude, with no additional increases by day 17. This suggests
that erythropoietic benefits are possible with shorter duration
altitude training camps than commonly recommended, given
sufficient altitude/hypoxia.21 A 2-week time course may have
significant implications for team-sport organisations, which
often schedule altitude camps during limited preseason periods
and may face financial restrictions during longer duration camps
due to travel/accommodation costs for athletes and support
staff.


Effect of initial RelHbmass


We found a similar relationship between initial RelHbmass and
%ΔHbmass as in our original investigation.6 These data support
the work of Robach and Lundby,7 which suggests that athletes
starting with low RelHbmass have the ability to increase Hbmass


to a greater extent following hypoxic interventions. Others have
proposed that athletes with initially high RelHbmass (∼14.7 g/kg)
may have already ‘maximised’ this component of their physio-
logical capacity through training at sea level,24 with limited
opportunity to further increase Hbmass through altitude inter-
ventions. However, subsequent research from the same group
showed that increases in Hbmass can be achieved in cyclists pos-
sessing elevated initial RelHbmass (∼14.2 g/kg).23 It is also pos-
sible that altitude training interventions may increase Hbmass to
a given individual’s physiological limit, and responsiveness may
therefore vary depending on an individual’s baseline Hbmass.


5


Collectively, these data5–7 suggest that team-sport athletes with a


Figure 3 Change in haemoglobin mass (Hbmass) versus initial
RelHbmass in healthy and BodyMassstable participants pooled for ALT1
and ALT2 altitude camps.


Figure 4 Change in haemoglobin mass (Hbmass) during ALT1 versus
change in Hbmass during ALT2. Three participants were removed from
this analysis due to illness throughout the study period (n=9). Grey
filled circle represents an outlier; regression line and associated
equations when the outlier is removed are shown in grey.
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higher initial RelHbmass may have an attenuated ability to
increase Hbmass with altitude training interventions.


Effect of illness on erythropoiesis
It has been suggested that athletes suffering from infection/
illness/injury that results in increased inflammation may have
limited erythropoietic responses to altitude exposures.5 6


Indeed, Wachsmuth et al5 reported attenuated changes in
Hbmass in sick/injured athletes following LHTH interventions at
2320 m. Similarly, we observed an attenuated erythropoietic
response in participants experiencing illness during ALT1 (n=2)
and ALT2 (n=3) (see figure 5A). Proinflammatory cytokines,
such as interleukin 1(IL-1), are known to suppress the release of
EPO,15 and EPO data for ill participants during ALT2 are high-
lighted in figure 6B. Participants (b) and (c) (in figure 6B) suf-
fered illness immediately preceding the camp, which was
accompanied by low EPO levels before and throughout the


camp duration. Participant (a) fell ill on arriving at a high alti-
tude and displayed suppressed EPO responses thereafter.
Making statistical inferences are difficult, given that instances of
illness/injury are low in our investigation (n=5) and in
Wachsmuth et al5 (n=7). However, these data support the
hypothesis that illness/injury may limit the erythropoietic bene-
fits associated with prolonged hypoxic exposures.


Effect of body mass reductions on erythropoiesis
Participants experiencing reductions in body mass (>2 kg)
achieved approximately half of the erythropoietic benefit as
those maintaining body mass (∼2.5% vs ∼5% increase in Hbmass,
respectively). Furthermore, at 4 weeks postaltitude, BodyMassloss
participants displayed Hbmass ∼2.3% below prealtitude levels.
Our results are in contrast with those of Gough et al,25 who
modelled that body mass changes over approximately 6 months
did not significantly alter Hbmass; for instance, that a 10% loss of


Figure 5 Change in haemoglobin
mass (Hbmass) in ill and healthy
participants (A), as well as change in
mass (B) and change in Hbmass (C) in
BodyMassstable and BodyMassloss
groups.
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body mass would only decrease Hbmass by 1.4%. In contrast, the
2.6 kg reduction in body mass within the Australian-Footballer
subgroup over 18–19 days suggests a mismatch between energy
consumption and energy expenditure and thus an overall cata-
bolic state, which may not support an anabolic process like
erythropoiesis. Evidence in maintenance haemodialysis patients
with haemodialysis suggests that poor appetite and low protein
intake are associated with increased serum concentrations of
inflammatory markers (including C reactive protein, IL-6 and
tumour necrosis factor-α) and increased synthetic EPO dose
requirements.26 While mechanisms for a poor erythropoietic
response in BodyMassloss participants are not clear, the combin-
ation of altitude exposure and weight loss appears to be counter-
productive for Hbmass maintenance.


Limitations
This research was conducted with a relatively small sample of
elite Australian-Football players. Even when using a magnitude-
based statistical approach,12 the small sample size limitations are
most apparent in our attempts to quantify the effects of initial
Hbmass, as well as loss of body mass and of illness on the
response to altitude. A further limitation is the use of two differ-
ent Sysmex haematology analysers for the reticulocyte measures,
since even Sysmex analysers that are calibrated within the manu-
facturer’s tolerances can have biases of the order of 0.3–0.5%
reticulocytes.27 The applied nature of this research also led to a


number of limitations, which should be considered when inter-
preting our results. ALT1 and ALT2 were conducted in different
locations over different durations (19 and 18 days, respectively).
However, the altitude at these locations is very similar
(∼2100 m) and the overall hypoxic dose between camps differed
by only 18 h. The temporal measurements of Hbmass differed
between ALT1 and ALT2; POST1 was taken 5 days postaltitude
(ALT1) compared with the penultimate day at altitude (ALT2).
Therefore, the potential confounding effects of neocytolysis
upon return to sea level23 28 during ALT1 may account for
some of the variability between the two exposures.


CONCLUSION
This investigation was conducted in an ecologically valid envir-
onment, with professional team-sport athletes engaging in pre-
season altitude training in an attempt to improve subsequent
performance at sea level. As responsiveness to a given altitude
exposure does not appear to be a fixed trait, it is not currently
possible for individual athletes to be identified as ‘responders’
or ‘non-responders’ following a single altitude exposure. To
optimise the erythropoietic benefit from an LHTH intervention,
athletes should be well prepared, in good health and maintain
body mass throughout its duration. Healthy team-sport
athletes should expect a 3–4% increase in Hbmass following an
18–19 day altitude training camp, with this erythropoietic
response possibly achievable in as short as 13 days.


Figure 6 Reticulocyte (A) and
erythropoietin (EPO) (B) response
during ALT2. Black circles and error
bars show group change as mean±SD
and grey circles show individual
responses. Dark grey broken lines
depict responses of three participants
who reported illness before (b+c) and
during (a) altitude exposure. NB. EPO
data at PRE missing for participant (b)
due to being absent from testing as a
result of illness.
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What are the new findings


▸ Team sport athletes produce repeatable group mean increases
in Hbmass (∼4%) over 18–19 day moderate altitude camps,
and these benefits may be achieved in as short as 13 days.


▸ Individual athletes do not exhibit consistency in
altitude-induced changes in Hbmass from year to year, and
thus a ‘responder’ or ‘non-responder’ to altitude does not
appear to be a fixed trait.


▸ To achieve full erythropoietic benefit from altitude exposure,
athletes should maintain body mass and remain free from
illness immediately before and throughout the exposure.


How might it impact on clinical practice in the near
future?


▸ Athletes may gain physiological benefits from participating
in shorter duration (∼13 days) altitude training camps than
previously recommended.


▸ Strategies to maintain body mass and optimal health
immediately before and throughout altitude training camps
should be adopted.
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Hypoxic training and team sports:
a challenge to traditional methods?
Grégoire P Millet,1 Raphaël Faiss,1 Franck Brocherie,1 Olivier Girard2


In 2007, Wilber1 presented the main alti-
tude/hypoxic training methods used by elite
athletes: ‘live high—train high’ (LHTH)
and ‘live high—train low’ (LHTL); sleeping
at altitude to gain the haematological adap-
tations (increased erythrocyte volume) but
training at sea level to maximise perform-
ance (maintenance of sea-level training
intensity and oxygen flux). The LHTL
method can be accomplished through a
number of methods and devices: natural/
terrestrial altitude, nitrogen dilution,
oxygen filtration and supplemental oxygen.
Another method is the ‘live low—train
high’ (LLTH) method including intermittent
hypoxic exposure at rest (IHE) or during
intermittent hypoxic training sessions
(IHT). Noteworthy, all supporting refer-
ences were conducted with endurance elite
athletes (ie, cyclists, triathletes, cross-
country skiers, runners, swimmers, kayakers
and rowers) and there is an extensive litera-
ture relative to LHTH as well as LHTL.
However, there is a lack of evidence for the
applicability of these methods in team-sport
athletes.


In recent times, media reports have pro-
vided us with coverage of some high-
profile clubs or national squads in various
team-sport disciplines undertaking fitness
programmes at altitude during the early
preseason or in preparation of a major
competition. Despite the evident observa-
tion that athletes from different team
sports and from all around the world are
using altitude training more than ever
before, it is stunning to note that to date
there are only two hypoxic training
studies that have been conducted with
team-sport players.2 3 Therefore, there is
an urgent need for mechanistic as well as
applied studies investigating team-sport
performance changes following hypoxic
training in a sport-specific population


before solid evidence-based recommenda-
tions can be definitely formulated.
In parallel, over the last few years, an


increasing interest for the practical appli-
cation of altitude training in team sports
—mainly in football but also in the rugby
union or the Australian football league—
was noted due to several reasons. First,
there were controversies regarding the
possibility of playing international football
matches above 2500 m in the mountain-
ous regions of South America, while guar-
anteeing players health and safety. Second,
the FIFA 2010 Senior (South Africa) and
2011 U-20 (Columbia) World Cups held
at altitude have highlighted the need
for the squads to achieve optimal acclima-
tisation. Third, the development of new
hypoxic devices (eg, mobile inflatable
hypoxic marquees) and methods (repeated
sprints in hypoxia). This increased interest
was translated by the organisation of
international symposia on the topic by
the leading sports organisation; for
example, FIFA, symposium on playing
football at altitude4; International Olympic
Committee, consensus statement on
thermoregulatory and altitude challenges
for all high-level athletes.5 In March 2013,
Aspetar Hospital invited several top inter-
national experts in the field of altitude
training to establish a forum of research
and clinical insights for the practical appli-
cation of altitude training with team-sport
players.
The intrinsic differences between factors


underlying endurance (eg, maximal aerobic
speed, economy) and team-sport perform-
ance (eg, repeated-sprint ability) as well as
the constraints in the respective competi-
tion calendars explain why the aims and
contents of the hypoxic methods and their
periodisation in the yearly programme are
largely different between individual and
team sports. As such, we believe that the
current nomenclature is probably not
appropriate anymore for exploring the
new boundaries of contemporary hypoxic
methods offered to team-sport athletes. In
2010, we6 therefore proposed to slightly
modify Wilber’s nomenclature by introdu-
cing the possibility of combining different
hypoxic methods. New approaches include


‘IHE during interval-training’ (IHIT=
IHT+ IHE) and ‘live high-train low and
high’ (LHTLH=LHTL+ IHT). Since
more information became available on
enhanced glycolysis and buffering capacity
with IHT7 we discussed also the potential
benefits of these hypoxic methods for
anaerobic performance.


Unfortunately there is to date no expert
consensus on how we should name the
different hypoxic methods.6 IHT that
should refer to interval training in
hypoxia8 is also used for continuous low-
intensity (<70% VO2max) long duration
(>30 min) exercise in hypoxia.9 Recently,
we also proposed a new hypoxic method
(RSH, repeated sprint training in hypoxia)
presumably based on different mechan-
isms than IHT.10 It is beyond the scope of
this editorial to review the mechanisms
underpinning these three subcategories of
LLTH but, in our view, the time has come
to update the current nomenclature since
each method is likely based predomin-
antly on different mechanisms; for
example, increased oxidative capacity
(CHT), buffering capacity (IHT) or com-
pensatory fiber-selective vasodilation
(RSH). Our suggestion is therefore to
divide the LLTH method in four subsets;
that is, IHE, CHT (continuous >30 min
low intensity training in hypoxia), IHT
(interval-training in hypoxia) and RSH
(figure 1). Another point that deserves
attention is the nature of altitude stress. If
Wilber distinguished ‘natural/terrestrial’
and ‘simulated’ LHTL methods in his clas-
sification, such differentiation was absent
for the LLTH methods. With mounting
evidence suggesting that hypobaric
hypoxia induces different physiological
adaptations than normobaric hypoxia,11


we therefore believe that it is paramount
to systematically report the method lower-
ing ambient oxygen partial pressure.


Pending confirmatory research, we
propose that not just one but a combin-
ation of various methods targeting differ-
ent attributes of team-sport athletes over
the course of the yearly plan would
be more beneficial. It is our hope that
the possibility of combining various
hypoxic training methods—as described
in this editorial—would open unexplored
research avenues (eg, preacclimatisation,
maintenance of the gains following an
altitude sojourn, accelerating return to
play for injured players and/or preventing
detraining during the off-season) support-
ing best practice of team-sport athletes.
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ABSTRACT
Background Altitude exposure causes acute sleep
disruption in non-athletes, but little is known about its
effects in elite athletes. The aim of this study was to
examine the effects of altitude on two groups of elite
athletes, that is, sea-level natives and high-altitude natives.
Methods Sea-level natives were members of the
Australian under-17 soccer team (n=14). High-altitude
natives were members of a Bolivian under-20 club team
(n=12). Teams participated in an 18-day (19 nights)
training camp in Bolivia, with 6 nights at near sea level in
Santa Cruz (430 m) and 13 nights at high altitude in La
Paz (3600 m). Sleep was assessed on every day/night
using activity monitors.
Results The Australians’ sleep was shorter, and of
poorer quality, on the first night at altitude compared
with sea level. Sleep quality returned to normal by the
end of the first week at altitude, but sleep quantity had
still not stabilised at its normal level after 2 weeks. The
quantity and quality of sleep obtained by the Bolivians
was similar, or greater, on all nights at altitude compared
with sea level. The Australians tended to obtain more
sleep than the Bolivians at sea level and altitude, but the
quality of the Bolivians’ sleep tended to be better than
that of the Australians at altitude.
Conclusions Exposure to high altitude causes acute
and chronic disruption to the sleep of elite athletes who
are sea-level natives, but it does not affect the sleep of
elite athletes who are high-altitude natives.


INTRODUCTION
Elite athletes who are native to sea level live and
train for several days at terrestrial altitude in an
attempt either to improve sports performance on
return to sea level1 or to minimise the impairment
in sports performance in competition at altitude.2


One of the factors that should be considered when
weighing the costs and benefits of altitude training
is its potential effects on athletes’ sleep. Acute sleep
disruption at altitude is a robust phenomenon,
having been observed in non-athletes at high terres-
trial altitude (ie, 4559–5050 m)3–7 and recreational
athletes at low-moderate simulated altitude (ie,
2000–2650 m).8–11 Only one study, described in a
companion paper in this issue,12 has examined the
effects of high terrestrial altitude (ie, 3600 m) on
the sleep of elite athletes. That study showed that
rapid eye movement (REM) sleep is reduced and
50% of athletes have severe disordered breathing,


immediately on ascent to altitude from near sea
level; and that REM sleep returns to normal, but
disordered breathing does not improve, after
2 weeks of altitude exposure. Given that altitude
training for sea-level natives is common and that
various alternative methods are continually being
developed and modified (eg, live high, train high;
live high, train low; intermittent hypoxic training),
more data regarding its potential effects, positive
and negative, are required so that informed deci-
sions about its use can be made.
While knowledge regarding the effects of alti-


tude on the sleep of sea-level natives is growing,
very little is known about the sleep of high-altitude
natives at altitude, and even less is known about
their sleep at sea level. Until now, no sleep studies
with elite athletes who are native to high altitude
have been conducted, and the studies that have
been published with untrained adults have returned
equivocal results. In each of these studies, high-
altitude natives’ sleep at high altitude is compared
with normative data, rather than with a comparison
group of sea-level natives at sea level. Two of these
studies indicate that high-altitude natives and sea-
level natives have similar sleep,13 14 but three
others indicate that high-altitude natives have more
awakenings,15 lower sleep efficiency,15–17 less deep
sleep17 and less total sleep.15 16


The primary aim of this study was to examine
and compare the sleep of two groups of elite ath-
letes, that is, sea-level natives and high-altitude
natives, while they lived and trained at high terres-
trial altitude for several days. Taking an opportunis-
tic approach, the secondary aim of this study was
to examine potential adaptations in sleep after an
eastward time zone change of 10 h in sea-level
natives and after descending from high altitude to
near sea level in high-altitude natives.


METHODS
Participants
Thirty-nine male soccer players volunteered to par-
ticipate in the study. Twenty players were members
of the Australian under-17 soccer team (the
‘Joeys’) and 19 players were members of a
Bolivian under-20 club team (the ‘Strongest’). For
the main analyses reported here, players were
included if their data set was at least 75% com-
plete. Ultimately then, these analyses include data
from 14 Australian players (age 15.6±0.5 years;
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height 177±6 cm; mass 68.8±5.8 kg; mean±SD) and 12
Bolivian players (age 17.4±1.2 years; height 170±7 cm; mass
64.4±8.4 kg). The Australians were lifelong residents at sea
level and the Bolivians were lifelong residents at high altitude.
The study was approved by ethics committees at the Australian
Institute of Sport and the Universidad Mayor de San Andrés.
Written informed consent was obtained from participants (and
their guardians if aged <18 years).


Protocol
In August 2012, the two teams participated in a training camp
in Bolivia (figure 1) as part of the Australians’ preparation for
the 2012 Asian Soccer Confederation under-16 Championship.
The camp was conducted over 18 days (and 19 nights)—the
first six nights at near sea level in Santa Cruz (430 m) and the
next 13 nights at high altitude in La Paz (3600 m). Immediately
prior to the camp, the Australians travelled from Sydney,
Australia, and the Bolivians travelled from La Paz. During the
camp, the two teams played against each other in five friendly
matches: two at near sea level and three at high altitude. A
general description of the study methods and of the data related
to blood gases, wellness, running performance, activity during
matches and sleep architecture (for the Australians only) is
reported in companion papers in this issue.12 18–22


Players from both teams were accommodated in two-person
hotel rooms. Sleep/wake behaviour was monitored on all
18 days of the camp for the Australians and on the first 14 days
for the Bolivians (which included match days and non-match
days for both teams). The Bolivians were not monitored on the
last 4 days because they had left the teams’ hotel to return to
their homes. When residing at the hotels, the players were
required to attend a brief prebreakfast testing session by 09:30
on most days, but other than that they were free to chose their
own bedtimes and get-up times.


The players’ sleep/wake behaviour was monitored using self-
report sleep diaries and activity monitors (Actical Z-series;
Philips Respironics; Oregon, USA). The sleep diaries were used
to record three pieces of information for night-time sleeps and
daytime naps: start date/time, end date/time and subjective sleep
quality. Each player wore an activity monitor, like a watch, on
the same wrist throughout the study, except when showering or
competing in matches. The activity monitors used in this study
were configured to sum and store data in 1 min epochs based
on activity counts from a piezoelectric accelerometer with a sen-
sitivity of 0.05 g and a sampling rate of 32 Hz.


Measures
Data from the sleep diary and activity monitor were used in
conjunction to determine when a player was awake/asleep (see
figure 2 for an example). Essentially, all time was scored as wake
unless: (1) the sleep diary indicated that the player was lying


down attempting to sleep and (2) the activity counts from the
monitor were sufficiently low to indicate that the player was
immobile. When these two conditions were satisfied simultan-
eously, time was scored as sleep. This scoring process was con-
ducted using Philips Respironics’ Actiwatch algorithm with
sensitivity set at ‘high’.23 The following variables were derived
from the sleep diary and activity monitor data:
▸ Time in bed (h): the period between going to bed and


getting up;
▸ Sleep onset (hh:mm): the time at which a player first fell asleep


after going to bed;
▸ Sleep offset (hh:mm): the time at which a player last woke


before getting up;
▸ Sleep period (h): the period between sleep onset and sleep offset;
▸ Total sleep time (h): the amount of sleep obtained during a


sleep period;
▸ Cumulative sleep time (h): the sum of the total sleep times for


a night sleep and any naps on the following day (for this vari-
able, results are presented in tables and figures for completeness,
but they are not mentioned in the text because naps were so
rare that all values were similar to those for total sleep time);


▸ Sleep efficiency (%): total sleep time expressed as a percent-
age of the sleep period;


▸ Movement and Fragmentation Index: an index of sleep quality
based on the level of activity, and the number of transitions
between mobility and immobility, within a sleep period. Higher
scores indicate sleep of poorer quality;


▸ Subjective sleep quality: Self-rating of sleep quality on a
Likert scale, where 1 represents very poor and 5 represents
very good.


Statistical analyses
To address the aims of the study, three types of comparisons
were conducted for each of the dependent variables. First, the
last five sleeps at sea level were each compared with the first
sleep at sea level for each team separately. These comparisons
enabled potential adaptations in sleep at near sea level to be
examined—after a time zone change of 10 h to the east for the
Australians, and after descending from high altitude for the
Bolivians. Second, all sleeps at high altitude were compared
with baseline sleep at near sea level, for each team separately, to
examine potential disruption by, and adaption to, altitude
exposure (the average of the last two sleeps at near sea level was
used as the baseline so that any acute effects of sleeping in a
new time zone (Australians) or at a lower altitude than normal
(Bolivians) were minimised). Third, all sleeps for the Australians
were compared with all sleeps for the Bolivians to examine
potential differences between sea-level natives and high-altitude
natives at near sea level and at high altitude. Finally, given that
there is some evidence that competition exercise impairs the


Figure 1 Sleep study protocol. The
figure indicates when the teams were
at near sea level (SL) and high altitude
(HA); when daytime matches (D) and
night-time matches (N) occurred
between the teams; and when the
Australians (AU) and Bolivians (BO)
collected sleep data (X).
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subsequent sleep of elite athletes,24 an additional set of analyses
was conducted to compare sleep on match days with sleep on
non-match days for each team separately. These additional ana-
lyses were conducted with a subset of the sample that included
only athletes who played at least 45 min in a day match and at
least 45 min in a night match (ie, 10 Australian players and 9
Bolivian players).


All dependent variables were log transformed to reduce bias
due to non-uniformity of error. The magnitude of the observed
effects for each comparison described above was assessed using
standardised differences (effect size statistics) with a customised
Excel-based spreadsheet.25 For each variable, three separate
probabilities were calculated using Student’s t test to estimate


the chances that the mean difference was positive, negligible or
negative. For these analyses, the hypothesised difference, that is,
the smallest worthwhile difference, was calculated as 0.5×the
between-subject SD. A relatively conservative value was used for
the smallest worthwhile difference (ie, 0.5 rather than the stand-
ard 0.2)25 because the relationships between changes in sleep
and changes in sports performance are not yet well quantified.
The resultant probabilities were used to mechanically interpret
the likelihood that an observed effect was a true effect using the
following standards: <1%, almost certainly not; 1–5%, very
unlikely; 5–25%, unlikely; 25–75%, possibly; 75–95%, likely;
95–99%, very likely; >99%, almost certainly. Effects were
accepted as substantial if the probability was >75%.


Figure 2 Example of one participant’s sleep diary and activity monitor data for each day/night of the study. Black vertical bars represent activity
counts recorded in 1-min epochs; grey horizontal bars represent time in bed; hatched horizontal bars represent soccer matches between the two
teams.
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RESULTS
Descriptive summaries (Australians and Bolivians)
The summaries of both teams’ sleep are provided here, mainly
as a benchmark for future comparisons (table 1). Data are based
on individuals’ mean values for nights 5 and 6, which corres-
pond to both teams’ last two sleeps at near sea level; night 7,
which corresponds to both teams’ first sleep at high altitude;
and nights 12–15, which correspond to the Bolivians’ last four
nights of data collection at high altitude.


Sleep on match days and non-match days (Australians
and Bolivians)
For the Australians, there were no substantial differences in any
of the measures for sleep on days that included either a day


match or a night match compared with sleep on non-match days
(table 2). For the Bolivians, there were no substantial differences
for the majority of the match day versus non-match day compar-
isons, but they spent more time in bed and obtained more sleep
on days with a day match compared to non-match days, and
they fell asleep earlier on days with a night match compared to
non-match days (table 2).


Sleep at near sea level after eastward travel (Australians)
Quantity measures
Compared with the first night at near sea level, the Australians
spent more time in bed on 4/5 nights (figure 3A), fell asleep
earlier on 5/5 nights (figure 3B), woke up earlier on 1/5 nights
(figure 3C) and obtained more sleep on 4/5 nights (figure 3D).


Table 1 Sleep characteristics for sea-level natives and high-altitude natives


Variable


Sea-level natives (Australians, n=14) High-altitude natives (Bolivians, n=12)


Sleep type (mean (±SD)) Sleep type (mean (±SD))


Sea level
(average)


High altitude
(acute)


High altitude
(average)


Sea level
(average)


High altitude
(acute)


High altitude
(average)


Time in bed (h) 9.2 (±0.8) 8.8 (±1.0) 9.1 (±0.7) 7.8 (±0.6) 8.0 (±0.8) 8.4 (±1.1)
Sleep onset (hh:mm) 23:40 (±0:47) 23:57 (±0:38) 00:02 (±0:46) 00:24 (±0:38) 00:17 (±0:31) 00:21 (±0:42)
Sleep offset (hh:mm) 08:25 (±0:37) 08:13 (±0:45) 08:28 (±0:34) 07:40 (±0:23) 07:50 (±0:40) 08:21 (±0:68)
Total sleep time (h) 7.0 (±0.5) 6.1 (±0.7) 6.5 (±0.7) 5.7 (±0.7) 5.9 (±0.9) 6.4 (±1.0)
Cumulative sleep time (h) 7.0 (±0.5) 6.1 (±0.7) 6.5 (±0.7) 5.7 (±0.7) 5.9 (±0.9) 6.4 (±1.0)


Sleep efficiency (%) 80 (±3) 75 (±5) 77 (±5) 78 (±6) 78 (±8) 80 (±6)
Move and Frag Index 25 (±6) 30 (±8) 29 (±7) 24 (±8) 26 (±10) 24 (±8)
Subjective sleep quality 3.8 (±0.7) 2.8 (±0.6) 3.8 (±0.6) 3.9 (±0.6) 4.2 (±0.4) 4.3 (±0.4)


Measures of sleep quantity and sleep quality for the Australians and Bolivians for (1) an average sleep at near sea level (based on the last two nights at near sea level), (2) the first
sleep at high altitude and (3) an average sleep at high altitude (based on the last four nights that the Bolivians collected data).


Table 2 Comparison of sleep characteristics on match days and non-match days


Variable


Day type (mean (±SD)) Difference (effect size (±90% CI))


No match Day match Night match
Day match
vs no match


Night match
vs no match


Night match
vs day match


Sea-level natives (Australians, n=10)
Time in bed (h) 9.0 (±0.4) 9.3 (±1.2) 9.0 (±1.0) 0.2 (±0.6) 0.0 (±0.4) −0.2 (±0.5)
Sleep onset (hh:mm) 23:50 (±0:29) 00:10 (±0:75) 23:44 (±0:28) 0.3 (±0.7) −0.1 (±0.3) −0.5 (±0.6)
Sleep offset (hh:mm) 08:14 (±0:30) 08:10 (±0:53) 08:11 (±0:51) −0.1 (±0.3) −0.1 (±0.4) 0.0 (±0.3)
Total sleep time (h) 6.5 (±0.3) 6.2 (±1.0) 6.7 (±1.0) −0.4 (±0.6) 0.2 (±0.5) 0.5 (±0.5)
Cumulative sleep time (h) 6.6 (±0.4) 6.2 (±1.0) 6.7 (±1.0) −0.5 (±0.6) 0.1 (±0.4) 0.5 (±0.5)
Sleep efficiency (%) 77 (±3) 78 (±4) 79 (±3) 0.3 (±0.6) 0.6 (±0.7) 0.3 (±0.9)
Move and Frag Index 29 (±5) 28 (±6) 25 (±7) −0.2 (±0.4) −0.7 (±0.7) −0.5 (±0.7)


Subjective sleep quality 3.7 (±0.4) 3.7 (±0.6) 3.4 (±0.5) −0.1 (±0.6) −0.7 (±0.7) −0.5 (±0.8)
High-altitude natives (Bolivians, n=9)
Time in bed (h) 7.9 (±0.3) 8.5 (±0.7) 8.3 (±0.6) 0.9 (±0.5) L 0.6 (±0.5) −0.2 (±0.6)
Sleep onset (hh:mm) 00:28 (±0:17) 00:13 (±0:32) 23:56 (±0:25) −0.5 (±0.5) −1.1 (±0.5) V −0.5 (±0.7)
Sleep offset (hh:mm) 07:49 (±0:18) 08:20 (±0:46) 07:51 (±0:42) 0.7 (±0.5) 0.0 (±0.5) −0.5 (±0.5)
Total sleep time (h) 5.7 (±0.5) 6.4 (±0.7) 6.0 (±0.9) 0.8 (±0.4) L 0.4 (±0.4) −0.4 (±0.4)
Cumulative sleep time (h) 5.7 (±0.5) 6.5 (±0.9) 6.0 (±0.9) 0.9 (±0.5) L 0.4 (±0.4) −0.5 (±0.4)
Sleep efficiency (%) 77 (±4) 79 (±5) 76 (±6) 0.3 (±0.3) −0.2 (±0.4) −0.4 (±0.3)
Move and Frag Index 26 (±5) 24 (±8) 26 (±7) −0.3 (±0.4) 0.0 (±0.5) 0.2 (±0.6)
Subjective sleep quality 3.8 (±0.3) 4.3 (±0.6) 4.0 (±0.0) 0.4 (±0.4) 0.2 (±0.4) −0.3 (±0.7)


Measures of sleep quantity and sleep quality for the Australians and Bolivians for days on which the teams competed in no match, a day match and a night match. Comparisons
between the measures for each type of day are presented as standardised differences (ie, effect size with 90% CI). The likelihood that an observed difference was a true difference is
indicated by ‘L’ if likely (ie, 75–95%) and ‘V’ if very likely (ie, 95–99%).
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Figure 3 Variables related to the quantity and quality of sleep obtained by the Australians (n=14, closed circles) and Bolivians (n=12, open
circles). Each of the panels A–H contains data related to a single variable, presented as mean±SD. At the top of each panel, the likelihood that an
observed effect was a true effect is indicated by ‘L’ if likely (ie, 75–95%), ‘V’ if very likely (ie, 95–99%) and ‘C’ if almost certainly (ie, >99%).
Effects are related to comparisons between (1) the last five sleeps at sea level and the first sleep at sea level (for the Australians (AU) and Bolivians
(BO)); (2) all sleeps at high altitude and baseline sleep at near sea level (for the Australians (AU) and Bolivians (BO)) and (3) all sleeps for the
Australians and all sleeps for the Bolivians (AU vs BO). Above the x-axis of each panel, nights that were immediately preceded by a soccer match
are labelled with ‘D’ for daytime matches and ‘N’ for night-time matches.
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Quality measures
Compared with the first night at near sea level, the Australians
had similar sleep efficiency on 5/5 nights (figure 3F), similar
movement and fragmentation index on 5/5 nights (figure 3G)
and higher subjective sleep quality on 2/5 nights (figure 3H).


Sleep at near sea level after descent from high altitude
(Bolivians)
Quantity measures
Compared with the first night at near sea level, the Bolivians spent
more time in bed on 3/5 nights (figure 3A), fell asleep earlier on 4/
5 nights (figure 3B), woke up at a similar time on 5/5 nights
(figure 3C) and obtained more sleep on 2/5 nights (figure 3D).


Quality measures
Compared with the first night at near sea level, the Bolivians had
similar sleep efficiency on 5/5 nights (figure 3F), similar movement
and fragmentation index on 5/5 nights (figure 3G) and higher sub-
jective sleep quality on 1/5 nights (figure 3H).


Sleep at high altitude (Australians)
Quantity measures
Compared with the last two nights at near sea level, on the first
night at high altitude, the Australians spent a similar amount of
time in bed (figure 3A), fell asleep at a similar time (figure 3B),
woke up at a similar time (figure 3C), but obtained less sleep
(figure 3D). During the rest of the time at high altitude, the
Australians spent less time in bed on 1/12 nights (figure 3A), fell
asleep later on 3/12 nights (figure 3B), woke up at a similar time
on 12/12 nights (figure 3C) and obtained less sleep on 5/12 nights
(figure 3D), compared with the last two nights at near sea level.


Quality measures
Compared with the last two nights at near sea level, on the first
night at high altitude, the Australians had lower sleep efficiency
(figure 3F), similar movement and fragmentation index (figure
3G) and lower subjective sleep quality (figure 3H). During the
rest of the time at high altitude, the Australians had lower sleep
efficiency on 3/12 nights (figure 3F), similar movement and
fragmentation index on 12/12 nights (figure 3G) and similar
subjective sleep quality on 12/12 nights (figure 3H), compared
with the last two nights at near sea level.


Sleep at high altitude (Bolivians)
Quantity measures
Compared with the last two nights at near sea level, on the first
night at high altitude, the Bolivians spent a similar amount of
time in bed (figure 3A), fell asleep at a similar time (figure 3B),
woke up at a similar time (figure 3C) and obtained a similar
amount of sleep (figure 3D). During the rest of the time at high
altitude, the Bolivians spent more time in bed on 2/8 nights
(figure 3A), fell asleep at a similar time on 8/8 nights (figure
3B), woke up later on 2/8 nights (figure 3C) and obtained more
sleep on 2/8 nights (figure 3D), compared with the last two
nights at near sea level.


Quality measures
Compared with the last two nights at near sea level, on the first
night at high altitude, the Bolivians had similar sleep efficiency
(figure 3F), similar movement and fragmentation index (figure
3G) and similar subjective sleep quality (figure 3H). During the
rest of the time at high altitude, the Bolivians had similar sleep
efficiency (figure 3F), movement and fragmentation index


(figure 3G) and self-rated sleep quality (figure 3H) on 8/8
nights, compared with the last two nights at near sea level.


Sea-level natives (Australians) compared with high-altitude
natives (Bolivians)
Time in bed
The Australians spent more time in bed than the Bolivians on 3/6
nights at near sea level and 6/9 nights at high altitude (figure 3A).


Sleep onset
The Australians fell asleep earlier than the Bolivians on 3/6 nights
at near sea level and 3/9 nights at high altitude (figure 3B).


Sleep offset
The Australians woke up later than the Bolivians on 2/6 nights
at near sea level and 5/9 nights at high altitude (figure 3C).


Total sleep time
The Australians obtained more sleep than the Bolivians on 4/6
nights at near sea level and 3/9 nights at high altitude (figure 3D).


Sleep efficiency
The Australians and Bolivians had similar sleep efficiency on 6/6
nights at near sea level, but the Australians had lower sleep effi-
ciency than the Bolivians on 1/9 nights at high altitude (figure 3F).


Movement and fragmentation index
The Australians and Bolivians had similar movement and frag-
mentation index on 6/6 nights at near sea level, but the
Australians had higher movement and fragmentation index than
the Bolivians on 2/9 nights at high altitude (figure 3G).


Subjective sleep quality
The Australians and Bolivians had similar self-rated sleep quality
on 6/6 nights at near sea level, but the Australians had lower
self-rated sleep quality than the Bolivians on 4/9 nights at high
altitude (figure 3H).


DISCUSSION
In this study, athletes’ sleep was assessed using self-report diaries
and wrist-worn activity monitors, that is, actigraphy, rather than
the gold standard method, that is, polysomnography. Actigraphy
has been validated for use in field-based settings,23 26 and it has
been used to assess the sleep of elite athletes from a variety of
sports.27 28 The main limitation of actigraphy is that it cannot
discriminate between different stages of sleep (ie, light, deep
and REM), which provide the best information about the
quality of a sleep period. However, an important feature of acti-
graphy is that sleep data can be collected from several partici-
pants concurrently on multiple consecutive nights because (1) it
is substantially less invasive than polysomnography and (2) the
equipment is relatively inexpensive and does not need to be
attended by a researcher.


There is some evidence that athletes’ sleep is impaired by
high training loads,29 competition exercise24 and the anticipa-
tion of competition.30 In this study, however, match competition
did not affect the Australians’ sleep, and it improved some
aspects of the Bolivians’ sleep. It is unlikely that match competi-
tion substantially interfered with the comparisons discussed
below, given that its effects on sleep were modest and sleep data
were collected by both teams on match days and non-match
days at both altitudes.


This is the first study to directly compare the sleep of sea-level
natives (Australians) and high-altitude natives (Bolivians). It is
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possible that differences in the physiology of the two groups31


were responsible for the Bolivians obtaining less sleep than the
Australians at both altitudes, but there are equally valid alterna-
tive explanations. First, the Australians were 2 years younger
than the Bolivians, which at this age could mean that they
required more sleep.32 Second, as the Bolivians lived in a
culture with historical ties to the siesta, they may have been
more likely to stay up later, obtain less sleep at night and supple-
ment night-time sleep with daytime naps.33 This second explan-
ation is not supported by the napping data, but the fact that the
Bolivians almost never napped may have occurred because the
camp’s schedule meant that opportunities to do so were rare.


The Australians had a rapid time zone shift of 10 h eastward
immediately prior to the camp, so the fact that the quantity and
self-perceived quality of their sleep was higher at the end of the
first week of camp than it was at the start is to be expected.
Athletes flying across several time zones to attend training
camps or competitions should be aware of the disruption that
may occur to their sleep/wake patterns. If athletes adhere to a
schedule of sunlight exposure/avoidance based on the principles
of circadian physiology,34 as the Australians did in this study,
then the rate of adaptation to the new time zone can be
increased.35 The Bolivians did not have to change time zones
prior to the camp, but they did have to descend from high alti-
tude. Their sleep improved to some extent over the week at sea
level, but it is unclear whether poor sleep on the first night was
caused by the change in altitude or the stressors associated with
travelling and being inducted into the training camp.


A parallel study conducted with a subset of the Australians
from this sample indicated that acute sleep disruption is resolved
in sea-level natives after 2 weeks at high altitude.12 However, the
current study indicates that high altitude causes an acute reduc-
tion in the amount of sleep obtained by sea-level natives, and this
effect continues intermittently for at least 2 weeks. In contrast,
data from the Bolivians indicate that high-altitude natives sleep
equally well at high altitude as they do at near sea level.


What are the new findings


▸ Exposure to high altitude causes acute and chronic disruption
to the sleep of elite athletes who are sea-level natives.


▸ Exposure to high altitude does not disrupt the sleep of elite
athletes who are high-altitude natives.


▸ Exposure to low altitude may cause acute disruption to the
sleep of elite athletes who are high-altitude natives.


How might it impact on clinical practice in the near
future


If good sleep is an important component of an athlete’s
preparation, then sea-level natives ascending to high altitude,
and high-altitude natives descending to sea level, should have
at least two nights of sleep at their competition altitude prior to
competing.
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ABSTRACT
Background Altitude training is used by elite athletes
to improve sports performance, but it may also disrupt
sleep. The aim of this study was to examine the effects
of 2 weeks at high altitude on the sleep of young elite
athletes.
Methods Participants (n=10) were members of the
Australian under-17 soccer team on an 18-day (19-
night) training camp in Bolivia, with six nights at near
sea level in Santa Cruz (430 m) and 13 nights at high
altitude in La Paz (3600 m). Sleep was monitored using
polysomnography during a baseline night at 430 m and
three nights at 3600 m (immediately after ascent,
1 week after ascent and 2 weeks after ascent). Data
were analysed using effect size statistics.
Results All results are reported as comparisons with
baseline. Rapid eye movement (REM) sleep was likely
lower immediately upon ascent to altitude, possibly
lower after 1 week and similar after 2 weeks. On all
three nights at altitude, hypopneas and desaturations
were almost certainly higher; oxygen saturation was
almost certainly lower; and central apnoeas, respiratory
arousals and periodic breathing were very likely higher.
The effects on REM sleep were common to all but one
participant, but the effects on breathing were specific to
only half the participants.
Conclusions The immediate effects of terrestrial
altitude of 3600 m are to reduce the amount of REM
sleep obtained by young elite athletes, and to cause
50% of them to have impaired breathing during sleep.
REM sleep returns to normal after 2 weeks at altitude,
but impaired breathing does not improve.


INTRODUCTION
Altitude training is used by elite athletes from indi-
vidual and team sports in an attempt to improve
sports performance. The rationale for this type of
training is that the hypoxia of altitude can stimulate
the production of red blood cells, which in turn
can increase maximal oxygen consumption on
return to sea level.1 Although altitude training can
be beneficial, it also has risks and costs. In particu-
lar, altitude training camps are expensive,2 training
cannot be conducted at the same intensity at alti-
tude as at sea level1 3 and the athletes are suscep-
tible to illness at the start of camp due to the acute
effects of altitude4 and, later in the camp, due to
suppressed immune function.5 Furthermore, there
is some indirect evidence to indicate that altitude
training may interfere with athletes’ sleep.


Sleep is an essential component of daytime func-
tioning,6 so any intervention that potentially dis-
rupts athletes’ sleep should be closely examined.
Human sleep is comprised of rapid eye movement
(REM) sleep and non-rapid eye movement
(NREM) sleep. NREM sleep is further divided into
three stages representing a continuum from ‘light’
sleep to ‘deep’ sleep.7 REM sleep and deep sleep
are the most important stages because the former
aids mental recovery, learning and memory consoli-
dation,8 and the latter aids physical recovery and
growth.9 10 The normal composition of sleep
stages within a sleep period, that is, ‘sleep architec-
ture’, is 61% light, 16% deep, and 23% REM for
adults (aged 30 years) and 57% light, 22% deep,
and 21% REM for adolescents (aged 16 years).11


The effects of high altitude, either terrestrial or
simulated, on elite athletes’ sleep are currently
unknown. Nevertheless, comparisons of untrained
adults’ sleep at sea level and at high terrestrial alti-
tude (ie, 4559–5050 m) indicate that sleep periods
at altitude have more arousals,12–16 more wakeful-
ness13 and less deep sleep.12–15 Similarly, compared
with living at sea level, when recreational athletes
live at low and moderate simulated altitudes (ie,
2000–2650 m), their sleep periods contain more
arousals,17 more abnormal breathing,18–20 and less
deep sleep.18 These athlete studies provide a good
indication of the potential effects, but the degree to
which their results can be generalised to elite ath-
letes in high terrestrial altitude training camps over
several days is limited because the participants were
recreational athletes, the altitude was simulated and
at a low-moderate level and only acute effects were
assessed.
The aim of this study was to examine the effects


of living at high altitude for several days on the
sleep of young elite athletes who usually live at sea
level. This was achieved by assessing the sleep of
soccer players in an underage national team during
an 18-day training camp in Bolivia. Sleep periods
were monitored once at near sea level, then three
times over a 2-week period at high altitude.


METHODS
Participants
Ten male soccer players (age 15.6±0.5 years, mass
71.0±5.8 kg; mean±SD), who were all sea-level
natives and members of the Australian under-17
Soccer Team (the ‘Joeys’), volunteered to partici-
pate in the study. Originally, 12 players were
recruited to participate, but data sets were
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incomplete for two of them due to illness and/or equipment
failure, so these were excluded from all analyses. The study was
approved by ethics committees at the Australian Institute of
Sport and the Universidad Mayor de San Andrés. Written
informed consent was obtained from participants and their
guardians.


Protocol
In August 2012, the Joeys participated in a training camp in
preparation for the 2012 Asian Soccer Confederation under-16
Championship. The team travelled from Sydney, Australia, then
lived and trained in Bolivia for 18 days (and 19 nights)—the
first six nights at near sea level in Santa Cruz (430 m), and the
next 13 nights at high altitude in La Paz (3600 m). A general
description of the study methods, and data related to blood
gases, wellness, running performance, activity during matches
and sleep/wake behaviours, are reported in our companion
papers in this issue.2 21–25


Each participant was observed during a baseline sleep at near
sea level and three sleeps at high altitude (figure 1). Only six
sets of data acquisition equipment were available, so for each
time point, data collection occurred on two successive nights,
each with six participants. Ultimately then, data were collected
1–2 nights prior to ascent to altitude, immediately after ascent
(nights 1–2 at altitude), 1 week after ascent (nights 6–7 at alti-
tude) and 2 weeks after ascent (nights 12–13 at altitude). All
team members were accommodated in two-person hotel rooms,
so participants were paired together. Participants were required
to attend a brief prebreakfast testing session by 09:30 h each
day, but other than that they were free to chose their own bed-
times and get-up times.


Sleep was recorded using portable polysomnography equipment
(Compumedics; Victoria, Australia) with a standard montage of
electrodes. The montage included two EEGs (C4-M1, C3-M2),
two electro-oculograms (left outer canthus, right outer canthus)
and a submental electromyogram. Respiratory effort was measured
with a piezoelectric band (Compumedics; Victoria, Australia) and
oxygen saturation was measured with a pulse oximeter (Nonin
Medical; Minnesota, USA).


In the 30 min prior to bedtime, each participant had poly-
somnography electrodes applied to their face and scalp, a
respiratory band placed around their chest and a pulse oximeter
attached to their index finger. Each pair of participants was
given an electronic pager that could be used to call the research-
ers during the night if required. Once all equipment was in pos-
ition and the participants were comfortable, the lights were
turned off. The signals from each device were transmitted wire-
lessly to a laptop computer located in a separate room to be


monitored overnight by the researchers. When participants
wanted to get up in the morning, they paged the researchers
and the monitoring equipment was removed.


Measures
All sleep records were blinded and then analysed in 30 s epochs
by a trained technician. Sleep stages, respiratory events, arousals
and desaturations were manually scored in accordance with
established criteria.26 For each sleep period, the following
dependent variables were calculated: time in bed (h), total sleep
time (h), sleep onset latency (min), light sleep (ie, time spent in
stage N1 or stage N2 sleep; min), deep sleep (ie, time spent in
stage N3 sleep; min), REM sleep (time spent in stage R sleep;
min), wake after sleep onset (min), sleep efficiency (ie, total sleep
time/time in bed×100; %), central apnoeas (count), hypopneas
(count), respiratory disturbance index (ie, total number of central
apnoeas and hypopneas/total sleep time; per hour), total arousals
(count), spontaneous arousals (count), respiratory arousals
(count), mean oxygen saturation (%), minimum oxygen satur-
ation (%), desaturations (count) and periodic breathing (ie, time
spent in periodic breathing/total sleep time×100; %).


Statistical analyses
Sleep architecture was compared between the baseline sleep and
the three sleeps at altitude using separate χ2 tests. For all other
comparisons between the baseline sleep and the three sleeps at
altitude, variables were log transformed to reduce bias due to
non-uniformity of error. The magnitude of the observed effects
was assessed using standardised differences (effect size statistics)
with a customised Excel-based spreadsheet.27 For each variable,
three separate probabilities were calculated using Student’s t test
to estimate the chances that the mean value at altitude was
greater, similar and lower than the mean value at baseline. For
these analyses, the hypothesised difference, that is, the smallest
worthwhile difference, was calculated as 0.5×the between-
subject SD. A relatively conservative value was used for the smal-
lest worthwhile difference (ie, 0.5 rather than the standard 0.227)
because the relationships between changes in sleep and changes
in sports performance are not yet well quantified. The resultant
probabilities were used to mechanically interpret the likelihood
that an observed effect was a true effect using the following stan-
dards: <1%, almost certainly not; 1–5%, very unlikely; 5–25%,
unlikely; 25–75%, possibly; 75–95%, likely; 95–99%, very
likely; and >99%, almost certainly. If the probability that a mean
value at altitude was greater than its corresponding mean value at
baseline and the probability that it was lower were both >5%,
then the effect was interpreted as unclear.


Figure 1 Sleep study protocol. The
bottom section of the figure indicates
when participants were at near sea
level and when they were at high
altitude. The top section of the
figure indicates when participants had
their sleep monitored. Only six sets of
data acquisition equipment were
available, so for each time point, data
collection occurred on two successive
nights, each with six participants.
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RESULTS
Sleep
The sleep architecture for the baseline sleep in this study was
similar to the sleep architecture based on normative data for
adolescents11 (χ2(2)1.0, p=0.61; table 1). Furthermore, the
sleep architecture at baseline was preserved for all three sleeps
monitored at high altitude (table 1), which occurred


immediately after ascent (χ2(2)0.3, p=0.84), 1 week after ascent
(χ2(2)0.5, p=0.76) and 2 weeks after ascent (χ2(2)0.0, p=0.99).


On the first nights at altitude, REM sleep was likely lower
(figure 2D); sleep efficiency (figure 2A), total sleep time (figure
2B), and deep sleep (figure 2C) were possibly lower; and wake
after sleep onset was possibly higher than on the baseline night
(table 2). These differences are indicators of poorer sleep at alti-
tude than at near sea level. For all other sleep-related variables,
there were no differences between sleep on the first nights at
altitude and sleep on the baseline night (table 2).


After a week at altitude, deep sleep (figure 2C) and REM
sleep (figure 2D) were possibly lower; and stage N2 sleep was
possibly higher than on the baseline night (table 2). These dif-
ferences are indicators of poorer sleep at altitude than at near
sea level. For all other sleep-related variables, there were no dif-
ferences between sleep after a week at altitude and sleep on the
baseline night (table 2).


After 2 weeks at altitude, time in bed and deep sleep (figure 2C)
were possibly lower than on the baseline night (table 2). These
differences are indicators of poorer sleep at altitude than at near
sea level. In contrast, sleep onset latency, stage N1 sleep and
wake after sleep onset were possibly lower; and sleep efficiency


Table 1 Sleep architecture for adolescents


Light sleep %
(stages N1 & N2)


Deep sleep %
(stage N3)


REM sleep %
(stage R)


Normative 57.0 22.0 21.0
Baseline 50.5 27.1 22.4
Altitude-1 54.5 25.7 19.8
Altitude-2 55.5 24.7 19.8
Altitude-3 51.0 26.1 22.9


Sleep stages as a percentage of total sleep time. Data are presented for normal
adolescent sleep (normative), and for the sleep of this study’s participants during one
night at near sea level (baseline) and three nights at high altitude (altitude-1,
altitude-2 and altitude-3).


Figure 2 Characteristics of sleep for a baseline night at near sea level (BL) and three nights at high altitude (Alt-1, Alt-2 and Alt-3). In the top
section of each panel, data for each night are presented as mean (±90% CIs). Asterisks indicate the likelihood that an observed effect, that is,
difference from baseline, was a true effect: *possibly; **likely; ***very likely; ****almost certainly. In the bottom section of each panel, data are
presented as the within-group standardised changes (±90% CIs) from baseline, and the shaded area represents trivial changes.
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Table 2 Sleep, breathing, arousals and oxygen saturation for one night at near sea level and three nights at high altitude


Baseline Altitude-1 (immediately after ascent to altitude) Altitude-2 (1 week after ascent to altitude) Altitude-3 (2 weeks after ascent to altitude)


Variable
Mean
(SD)


Mean
(SD)


Difference:
effect sizewith
90% CL


Chances that value is
greater/similar/lower
than baseline value (%) Mean (SD)


Difference:
effect sizewith
90% CL


Chances that value is
greater/similar/lower
than baseline value (%) Mean (SD)


Difference:
effect sizewith
90% CL


Chances that value is
greater/similar/lower
than baseline value (%)


Time in bed (h) 9.3 (0.9) 9.0 (0.7) −0.29 −0.48;−0.10 0/96/4 9.4 (1.4) −0.02 −0.63; 0.58 7/84/9 8.7 (1.1) −0.60 −1.11;−0.08 0/37/63
Total sleep Time (h) 8.0 (0.7) 7.4 (0.8) −0.62 −0.95;−0.30 0/25/74 8.0 (1.1) −0.01 −0.59; 0.58 7/85/8 7.7 (0.9) −0.31 −0.78; 0.16 1/75/24
Sleep onset latency (min) 18 (8) 14 (7) −0.22 −0.56; 0.11 0/92/8 23 (19) 0.12 −0.39; 0.63 10/87/3 12 (8) −0.58 −0.94;−0.22 0/35/65
Stage N1 (min) 26 (13) 26 (13) 0.12 −0.31; 0.55 7/92/1 25 (10) −0.01 −0.61; 0.59 8/84/8 20 (7) −0.39 −0.88; 0.10 0/65/35
Stage N2 (min) 216 (28) 215 (37) −0.04 −0.27; 0.19 0/100/0 245 (73) 0.42 −0.29; 1.13 42/56/2 216 (41) −0.04 −0.56; 0.47 4/89/7
Stage N3 (min) 130 (19) 114 (27) −0.63 −1.02;−0.24 0/28/72 117 (29) −0.50 −1.00; 0.00 0/50/50 120 (24) −0.39 −0.79;−0.01 0/71/29
Stage R (min) 107 (25) 88 (19) −0.82 −1.33;−0.32 0/14/86 93 (21) −0.59 −1.28; 0.10 1/40/59 106 (17) −0.01 −0.52; 0.50 5/89/6
Wake after sleep onset (min) 64 (39) 81 (34) 0.58 −0.05; 1.21 59/40/1 59 (32) −0.04 −0.77; 0.69 10/76/14 47 (31) −0.51 −1.17; 0.16 1/48/51
Sleep efficiency (%) 86 (5) 82 (6) −0.56 −1.21; 0.09 1/42/57 86 (5) 0.03 −0.78; 0.83 15/71/13 89 (4) 0.57 0.04; 1.09 59/41/0
Respiratory disturbance Index (h−1) 1 (1) 30 (39) 1.19 0.67; 1.71 98/2/0 45 (57) 1.34 0.78; 1.90 100/0/0 34 (41) 1.26 0.73; 1.79 99/1/0
Central apnoeas (count) 8 (7) 142 (216) 0.70 0.25; 1.16 78/21/0 285 (451) 0.78 0.19; 1.37 80/20/0 177 (231) 0.86 0.36; 1.34 89/11/0
Hypopneas (count) 2 (2) 92 (101) 1.81 1.26; 2.37 100/0/0 110 (114) 1.95 1.40; 2.50 100/0/0 98 (109) 1.92 1.45; 2.39 100/0/0
Periodic breathing (%) 0 (0) 13 (18) 0.91 0.38; 1.44 90/9/0 24 (32) 0.99 0.33; 1.65 90/10/0 21 (28) 0.95 0.31; 1.58 88/11/0
Total arousals (count) 88 (27) 143 (68) 0.58 0.27; 0.90 68/32/0 293 (303) 1.07 0.27; 1.86 89/11/0 144 (92) 0.53 0.11; 0.94 55/45/0
Spontaneous arousals (count) 86 (28) 83 (44) −0.20 −0.64; 0.24 1/87/12 75 (76) −0.59 −1.17;−0.01 0/39/61 72 (44) −0.47 −1.05; 0.12 1/53/46
Respiratory arousals (count) 2 (3) 60 (84) 0.89 0.47; 1.31 94/6/0 155 (290) 0.97 0.40;1.53 92/8/0 72 (108) 0.90 0.38; 1.42 90/10/0
Mean SpO2 (%) 97 (1) 82 (3) −5.84 −6.52;−5.16 0/0/100 86 (3) −4.06 −4.47;−3.42 0/0/100 88 (1) −3.41 −3.64;−3.18 0/0/100
Minimum SpO2 (%) 93 (2) 74 (4) −3.73 −4.23;−3.23 0/0/100 77 (6) −3.13 −3.98;−2.28 0/0/100 80 (3) −2.37 −2.71;−2.03 0/0/100
Desaturations >3% (count) 3 (3) 214 (283) 1.55 1.07; 2.03 100/0/0 329 (407) 1.79 1.28; 2.29 100/0/0 256 (305) 1.75 1.30; 2.20 100/0/0


Variables related to sleep, breathing, arousals and oxygen saturation for one night at near sea level (baseline) and three nights at high altitude (altitude-1, altitude-2 and altitude-3). For each night, data are presented as means (±SD). For each night at
altitude, data are also presented as standardised differences from baseline (ie, effect size with 90% CL), and the chances that an observed value is greater/similar/lower than the corresponding baseline value are given. Baseline occurred 1–2 nights before
ascent to high altitude, altitude-1 occurred 1–2 nights after ascent, altitude-2 occurred 6–7 nights after ascent and altitude-3 occurred 12–13 nights after ascent.
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(figure 2A) was possibly higher after 2 weeks at altitude than on
the baseline night (table 2). These differences are indicators of
better sleep at altitude than at near sea level. For all other
sleep-related variables, there were no differences between sleep
after 2 weeks at altitude and sleep on the baseline night (table 2).


Respiratory events and periodic breathing
At baseline, none of the participants exhibited any signs of dis-
ordered breathing during sleep and there was almost no respira-
tory disturbance. However, ascending to altitude had a
profound negative effect on breathing during sleep. Compared
with baseline, the respiratory disturbance index (figure 3A) was
very likely higher on the first nights at altitude and almost cer-
tainly higher after 1 and 2 weeks at altitude (table 2). On all
three nights monitored at altitude, hypopneas were almost cer-
tainly higher; and central apnoeas and periodic breathing
(figure 3B) were likely higher than on the baseline night (table
2). There were marked individual differences in susceptibility to
periodic breathing. Half of the participants exhibited periodic
breathing on all three nights monitored at altitude, while the


other half did not exhibit periodic breathing on any of these
nights (see figure 4 for an example). As a result of this finding,
the athletes’ data were split into two groups, and the sleep archi-
tecture of these groups was compared for all four sleeps at near
sea level and altitude using χ2 tests. There was no difference in
sleep architecture between the two groups at near sea level
(χ2(2)0.1, p=0.95), on the first nights at altitude (χ2(2)0.1,
p=0.95), after 1 week at altitude (χ2(2)0.1, p=0.96) or after
2 weeks at altitude (χ2(2)0.0, p=0.98).


Arousals
Compared with baseline, total arousals were possibly higher on
the first night at altitude, likely higher after 1 week at altitude
and possibly higher after 2 weeks at altitude (table 2). These dif-
ferences were not due to changes in spontaneous arousals,
which were possibly lower after 1 and 2 weeks at altitude com-
pared with baseline, but rather due to the likely increases in
respiratory arousals (figure 3C) for all sleeps at altitude com-
pared with baseline (table 2).


Figure 3 Characteristics of breathing, arousals, and oxygen saturation for a baseline night at near sea level (BL) and three nights at high altitude
(Alt-1, Alt-2 and Alt-3). In the top section of each panel, data for each night are presented as mean (±90% CIs). Asterisks indicate the likelihood
that an observed effect, that is, difference from baseline, was a true effect: *possibly; **likely; ***very likely; ****almost certainly. In the bottom
section of each panel, data are presented as the within-group standardised changes (±90% CIs) from baseline, and the shaded area represents
trivial changes.
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Oxygen saturation
Compared with the baseline sleep, mean oxygen saturation
(figure 3D) and minimum oxygen saturation were almost cer-
tainly lower; and desaturations were almost certainly higher for
all sleeps at altitude (table 2).


DISCUSSION
Sleep
Exposure to high altitude caused some, but not major, disrup-
tion to the athletes’ sleep. The main aspect of sleep that was
affected was REM sleep, which was lower on the first nights at
altitude (88 min) than at near sea level (107 min), improved
after 1 week (93 min) and returned to its baseline level after
2 weeks (106 min; figure 2). This type of disruption in the early
days of a camp could be harmful, particularly with young ath-
letes, because losing REM sleep can impair learning and
memory consolidation.8 These results differ markedly from
those of previous studies, which have found that exposure to
high altitude substantially reduces, or even eliminates, deep
sleep and/or REM sleep immediately after ascent.12–15 The true
explanation(s) for why altitude exposure was less disruptive to
sleep in this study compared with previous studies cannot be
known for certain, but there are some important differences
between the studies that may be relevant. First, the previous
studies were conducted under more extreme conditions than
this study, as they occurred at higher altitudes (ie, ∼5000 m),
and in some cases participants had to sleep in tents or huts in
subzero ambient temperatures. Second, the participants in the
previous studies were considerably older (ie, mid-30 s) than in
this study, and they were not elite athletes.


Disordered breathing
None of the athletes exhibited any signs of disordered breathing
during sleep at near sea level, but immediately upon ascent to
altitude, there was a marked increase in the number of central
apnoeas and hypopneas, episodes of periodic breathing emerged
and oxygen saturation was greatly reduced (figure 3). These
indicators of disordered breathing during sleep had not
improved after 2 weeks at altitude. The acute effects of


terrestrial altitude on disordered breathing during sleep have
been reported previously, albeit in older participants,14 16 but
this is the first study to show that these effects persist for at least
2 weeks. The 10 athletes in this study were split into two equal
groups based on the degree to which their breathing during
sleep was impaired: five of them were severely affected, and the
other five were unaffected, on all three nights of testing at alti-
tude. This is consistent with previous studies of sleep at altitudes
of 3800 and 3900 m, which found severe disordered breathing
in three of six participants28 and 12 of 18 participants,14


respectively. The results of this study, and one previous study,14


indicate that the presence/absence of periodic breathing does
not affect sleep architecture. The occurrence of disordered
breathing during sleep at altitude may be due to
hypoxia-induced instability in ventilatory control,29 30 so indi-
vidual differences in susceptibility to this instability31 32 pro-
vides a possible explanation for the bifurcation of the sample in
this study and others.


Arousals and fragmentation
The athletes had very few arousals associated with respiratory
events during sleep at sea level (2), but this dramatically
increased immediately on ascent to altitude (60), increased again
after 1 week at altitude (155), and was still elevated after
2 weeks at altitude (72). It was beyond the scope of this study to
determine whether the fragmentation of sleep caused by arou-
sals was of any functional significance, but even in the presence
of otherwise normal sleep architecture, frequent arousals can be
harmful. For example, in experimental studies in which an audi-
tory tone is used to induce arousals and fragment sleep without
reducing the amount of deep sleep or REM sleep, the levels of
cognitive impairment, mood disturbance and daytime sleepiness
are similar to those observed following a night of total sleep
deprivation.33 34 It is unlikely that participants in this study
would have experienced this degree of impairment, given that
their arousals during sleep at altitude were less frequent (ie,
every 2–3 min) than arousals during sleep in these experimental
studies (ie, every 30–60 s), but there may have been some
impairment nonetheless.


Figure 4 Examples, from one
participant, of the respiratory effort
and oxygen saturation associated with
normal breathing during sleep at near
sea level (A) and severe disordered
breathing during sleep at high altitude
(B).
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Limitations
This study had two main limitations, neither of which was particu-
larly serious. First, the baseline sleeps at near sea level occurred 4–5
nights after travelling from Australia to Bolivia (a time zone change
of 10 h to the east), so it is possible that the athletes’ body clocks
had not fully adjusted before these assessments occurred. However,
the athletes followed a schedule of sunlight exposure/avoidance to
facilitate adjustment to the new time zone, based on the principles
of circadian physiology,35 and ultimately their baseline sleep was
similar to, if not better than, normal sleep for adolescents. Second,
to minimise the athletes’ potential discomfort, the montage of
sleep monitoring equipment that was employed did not include a
sensor to measure airflow. The absence of an airflow sensor meant
that central apnoeas/hypopneas were identified based on respira-
tory effort alone, rather than respiratory effort and airflow.26 This
is a reasonable approach, given that it is unlikely that airflow could
be present in the absence of respiratory effort. Furthermore, it was
not possible to identify obstructive apnoeas/hypopneas, but these
were unlikely to have occurred given that none of the athletes had
a history of obstructive sleep apnoea and altitude exposure does
not typically cause obstructive events.16


CONCLUSIONS
This is the first study to examine the effects of high altitude on
the sleep of young elite athletes. The immediate effects of alti-
tude are to cause a general reduction in the amount of REM
sleep obtained, and to severely disrupt breathing during sleep
for half the athletes. There is some recovery in REM sleep after
1 week, and after 2 weeks it has returned to normal. In contrast,
disordered breathing during sleep does not improve during
2 weeks of exposure to altitude. Future studies should examine
whether or not breathing abnormalities during sleep at high alti-
tude, and the accompanying sleep fragmentation, affect the effi-
cacy of altitude training for young elite athletes.


What are the new findings?


▸ High altitude reduces rapid eye movement (REM) sleep in
elite young athletes immediately on ascent. REM sleep
improves after 1 week at altitude, and returns to normal
after 2 weeks.


▸ High altitude causes severe disordered breathing in 50% of
elite young athletes immediately on ascent. Disordered
breathing does not improve after 2 weeks at altitude.


How might it impact on clinical practice in the near
future?


Elite young athletes participating in live high, train low camps
with simulated altitude should wear respiratory bands and/or
pulse oximeters during their first few sleeps. If an athlete has
disordered breathing and their daytime well-being and/or
performance is also poor, then they may get more benefit from
the camp if they sleep at sea level.
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ABSTRACT
Background Endurance athletes have been using
altitude training for decades to improve near sea-level
performance. The predominant mechanism is thought to
be accelerated erythropoiesis increasing haemoglobin
mass (Hbmass) resulting in a greater maximal oxygen
uptake ( _VO2max). Not all studies have shown a
proportionate increase in _VO2max as a result of increased
Hbmass. The aim of this study was to determine the
relationship between the two parameters in a large
group of endurance athletes after altitude training.
Methods 145 elite endurance athletes (94 male and
51 female) who participated in various altitude studies
as altitude or control participants were used for the
analysis. Participants performed Hbmass and _VO2max


testing before and after intervention.
Results For the pooled data, the correlation between
per cent change in Hbmass and per cent change in
_VO2max was significant (p<0.0001, r


2=0.15), with a
slope (95% CI) of 0.48 (0.30 to 0.67) intercept free to
vary and 0.62 (0.46 to 0.77) when constrained through
the origin. When separated, the correlations were
significant for the altitude and control groups, with the
correlation being stronger for the altitude group (slope of
0.57 to 0.72).
Conclusions With high statistical power, we conclude
that altitude training of endurance athletes will result in
an increase in _VO2max of more than half the magnitude
of the increase in Hbmass, which supports the use of
altitude training by athletes. But race performance is not
perfectly related to relative _VO2max, and other non-
haematological factors altered from altitude training,
such as running economy and lactate threshold, may
also be beneficial to performance.


INTRODUCTION
The effects of training at moderate altitude on sub-
sequent performance at altitude and near sea-level
became important at the 1968 Mexico City
Olympic Games (2300 m), and has subsequently
been researched extensively. It is now common
practice for elite endurance athletes across a range
of sports to use altitude training to improve per-
formance near sea-level. The prevailing paradigm
of adaptation to hypoxia is that the lower partial
pressure of oxygen associated with moderate alti-
tude induces erythropoietin (EPO) production in
the kidneys, which in turn stimulates the produc-
tion of red blood cells in the bone marrow, facilitat-
ing an increase in maximal oxygen uptake
( _VO2max) and potentially improving endurance per-
formance.1–3 Since _VO2max depends on cardiac
output and the arteriovenous O2 difference, all
factors that influence these physiological capacities


may exert limiting effects on endurance capacity.4


The most important factor related to blood supply
is the total blood volume, which may limit venous
return and thus the stroke volume, as well as
haemoglobin mass (Hbmass), which along with the
capacity of muscles to extract and use O2 deter-
mines the O2-transport capacity and therefore the
arteriovenous O2 difference.


5


Although some authors have explicitly related
the change in near sea-level performance after an
altitude training camp (hypoxic intervention) to the
change in serum EPO1 2 at altitude, the correlation
for the change in _VO2max versus the change in red
blood cell volume yielded an r2=0.14.1 Therefore,
86% of the variance in _VO2max is attributable to
factors other than the change in Hbmass. Further, it
is important to be aware that _VO2max is not the
sole determinant of performance.6 Among elite ath-
letes, other factors such as exercise economy and
the fractional utilisation of _VO2max are also import-
ant determinants of endurance performance.6 In
addition to the increase in Hbmass and the subse-
quent increase in near sea-level _VO2max, altitude
training can enhance muscle efficiency, probably at
a mitochondrial level, and change the muscle pro-
teins involved in acid–base control; it can also
increase the capacity for flux of lactate, bicarbonate
and hydrogen ions from muscle to blood, all of
which can be associated with better performance in
endurance athletes and team sport athletes.7 8 A
detailed review of non-haematological adaptations
to hypoxia that can improve near sea-level endur-
ance performance has been published recently.8


Given an adequate hypoxic dose (high enough,
long enough and for enough hours/day),9 there will
be an increase in Hbmass, _VO2max and possibly per-
formance.8 However, there is evidence that
although altitude training increases Hbmass, there
may also be a parallel reduction in cardiac output,
vascular regulation or some other mechanism that
can limit the increase in _VO2max.


10 11


When evaluating the increases in Hbmass and
_VO2max resulting from altitude training, factors
such as age, sex, training status and type of sport
all must be considered. Many research studies have
also used small sample sizes and a major strength
of the current study is pooling data across many
research studies to increase the sample size and to
encompass a range of measures across athletes
varying in the aforementioned characteristics.
Recently, there has also been a controversy about
whether altitude training, particular live high–train
low (LHTL), is effective in improving Hbmass,
_VO2max and endurance performance.12 Therefore,
the aim of the current study was to investigate the
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effectiveness of altitude (both live high–train high (LHTH) and
LHTL) in increasing Hbmass and _VO2max and the strength of the
relationship between changes in Hbmass and _VO2max in a large
number of elite endurance athletes from different sports after
different forms of altitude training. The substantial number of
participants pooled for analysis offers more statistical power
than individual smaller studies with modest sample sizes.


METHODS
Subjects
The current study used elite endurance athletes from 10 separ-
ate studies spanning a 6-year period across four different sports
(cycling, running, triathlon and race walking). The study com-
prised a total of 145 participants (94 males and 51 females),
_VO2max 67.7±7.2 (71.9±4.6 male and 61.4±5.9 female) mL/
min/kg (mean±SD). The participants were at a minimum
‘nationally ranked’ athletes, but most had represented Australia
in international competition. All participants were part of
various altitude studies that were approved by the Australian
Institute of Sport Ethics Committee. A summary of each of the
10 studies is listed in table 1.


Experimental overview
The current study investigated the relationship between changes
in Hbmass and _VO2max after various forms of altitude training,
with the minimum requirement that both Hbmass and _VO2max


were measured pre-altitude and post-altitude. The altitude expo-
sures included (1) classical LHTH at various locations (1350–-
2700 m), (2) simulated LHTL (3000 m, 14 h/day) in the altitude
house at the Australian Institute of Sport (AIS, Canberra,
Australian Capital Territory, Australia) or using altitude tents,
(3) intermittent hypoxic training (IHT) in the altitude house at
the AIS and (4) intermittent hypoxic exposure (IHE) using
hypoxic breathing devices. A total of n=83 athletes completed
altitude training interventions (1 and 2) and were treated as the
Altitude group. The data from control participants and from
altitude protocols that would not normally be expected to
induce an increase in Hbmass (IHE and IHT alone) were (n=62)
all treated as control data. Details of participants, type of alti-
tude, dose of altitude, exposure duration and average _VO2max


are presented in table 1. The studies included were a combin-
ation of seven published13–19 and three previously unpublished
works.


Maximal oxygen uptake
An incremental protocol to volitional exhaustion was used to
determine _VO2max. Protocols were specific to each sport and
have been described in full previously.13–19 Expired ventilation
samples were collected using a custom-built open-circuit indirect
calorimetry system with associated in-house software for deter-
mination of oxygen uptake.20 The same open-circuit indirect
calorimetry system was used in all studies. Additionally, the
typical error (TE, SD of the difference scores divided by √2)
for _VO2max established in our laboratory for this system was
2.1–2.4%,19 21 which includes the combination of biological
and analytical error.


Haemoglobin mass
Total Hbmass was measured with the optimised 2 min carbon
monoxide (CO) rebreathing test adapted from Schmidt and
Prommer22 for all the studies included in the analysis. Briefly, a
CO dose of ∼1.2 mL/kg body weight was administered and
rebreathed for 2 min. Capillary fingertip blood samples were
taken before the start of the test and at ∼7 min post


administration of the CO dose. Blood samples were measured a
minimum of five times for determination of %HbCO using an
OSM three hemoximeter (Radiometer, Copenhagen). Hbmass


was calculated from the mean change in HbCO before and after
rebreathing CO. This parameter was measured prior to the
intervention period and within 1 week after the completion of
the intervention period. The TE of Hbmass was 1.8%,18 1.9%,13


2.0%,14 15 17 2.2%19 and 2.4%.16


Statistical analysis
A two-tailed Pearson correlation was used to compare the cor-
relation between percentage changes in Hbmass and _VO2max


with statistical significance set at p<0.05. Linear regression ana-
lyses were also performed on the percentage changes in Hbmass


and _VO2max, and provided a regression equation, goodness of
fit (r2) and significance of the slope (p value). Analyses were
conducted both with the intercept allowed to vary freely and
forced through the origin. Linear regression was also conducted
for a cross-sectional comparison on the cumulative raw data
(pre and post) of Hbmass (g/kg) and _VO2max (mL/min/kg). All
analyses were performed using Prism software (2007) V.5.01
(GraphPad Software Inc., San Diego, California, USA).


RESULTS
Changes in Hbmass and _VO2max


The correlation between percentage changes in Hbmass and
_VO2max was significant for the altitude and control groups com-
bined, with a slope (95% CI) of 0.48 (0.30 to 0.67) when the
intercept was free to vary, and a slope of 0.62 (0.46 to 0.77) when
the intercept was constrained through the origin (figure 1). The
correlation was also significant for the altitude and control groups,
separately (figure 2). For the altitude group, the slope was 0.57
(0.27 to 0.87) when free to vary and when constrained through
the origin, the slope was 0.72 (0.51 to 0.92). The corresponding
values for the Control group were 0.32 (0.06 to 0.58) and 0.38
(0.12 to 0.64). The Altitude group increased Hbmass by 3.3±3.0%
(mean±SD) and _VO2max by 2.7±4.4%; the corresponding
changes in the Control group were 0.8±3.0% and 1.1±3.4%.


Cross-sectional relationship between Hbmass and _VO2max


When the intercept was able to vary, the linear regression of
cumulative raw data (control and altitude, pre and post) of
Hbmass and _VO2max was as follows


_VO2maxðmL=min =kgÞ ¼ 3:32�%Hbmass(g=kg)þ 22


The slope was significant (p<0.0001, r=0.75) with 95% CI of
2.98 to 3.66. When constrained through the origin, the corre-
sponding slope was 4.94 (4.89 to 4.99; figure 3).


DISCUSSION
The main findings of the current study were (1) a significant,
very large cross-sectional relationship between Hbmass and
_VO2max and (2) a significant, moderate correlation between
changes in Hbmass and _VO2max in a large group of elite endur-
ance athletes undertaking altitude training. Athletes who were
part of LHTL and LHTH altitude interventions increased
Hbmass and _VO2max by ∼3% such that each 1% change in
Hbmass will result in a 0.6–0.7% change in _VO2max. Even
though significant, the correlation was weak and explained only
15% of the variation, indicating that other factors are still
important in increasing _VO2max, apart from an increased
Hbmass.


15
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Cross-sectional relationship between Hbmass and _VO2max


The current study yielded a strong relationship between Hbmass


and _VO2max (r=0.75), with a slope of ∼4.9 when constrained
through the origin; this implies that every additional gram of
Hb will increase _VO2max by ∼4.9 mL/min. Other cross-sectional
studies indicate a similarly strong relationship between Hbmass


and _VO2max, which is independent of sex or age.23 A close asso-
ciation between absolute Hbmass and _VO2max (r=0.72) was
reported in 131 males of varying training status.24 Likewise,
strong correlations between Hbmass and _VO2max have been
reported across a range of sports and degrees of training status,
with the slope of the regression line ∼4 in each instance,
although in the present study the slope is closer to 5 when the
regression is forced through the origin. In practical terms, this
relationship translates to a change in _VO2max of ∼4–5 mL/min
for every 1 g change in Hbmass.


23 25 26 Furthermore, the rela-
tionship is consistent with the theoretical calculation of O2


transport during maximal aerobic exercise. The strong relation-
ship between Hbmass and _VO2max has two important implica-
tions; first, that a high Hbmass is an important prerequisite for a
high _VO2max,


23 27 and second, that alterations to Hbmass have
the potential to alter _VO2max and possibly performance.


Successful endurance performance is highly correlated with
an athlete’s _VO2max.


28–32 Other physiological and performance
factors are important and include sustaining a high percentage
of _VO2max for the event duration (fractional utilisation or
lactate threshold)33 34 and exercising with relatively low energy
expenditure (good economy).30 33 35 These factors in isolation
are not necessarily better predictors of performance than
_VO2max, although in elite athletes where an already high
_VO2max is present, these factors may become more important. A
three-factor model ( _VO2max, running economy, lactate thresh-
old) was reported to highly predict the within-subject changes
in performance (measured by peak running speed) during a
17-week training period in well-trained distance runners.36


When holding each variable constant, to ascertain the effect of a
predictor variable independently of all the other predictor


Table 1 Individual study summary


Year Sport Study N (M/F) Altitude type (N) Level (m) Duration (d) Time at altitude _VO2max (mL/min/kg) Test mode (Ergometer)


2006 (13) Cycling 11 (11/0 ) LHTL (11) 3000 21 14 h/day 65.32±5.29 Cycle (lode bike)
2007 (14) Cycling 9 (9/0) LHTH (5)


CON (4)
2700 21 24 h/day 72.16±4.66 Cycle (lode bike)


2007 (17) Running 32 (21/11) LHTL (18)
CON (14)


3000 21 14 h/day 71.60±6.05 Run (treadmill)


2008 (18) Running 17 (13/4) LHTL+TH (8)
IHT (9)


3000+2200
2200


21+9
9


14 h/day+60 min
60 min


67.91±7.47 Run (treadmill)


2008 (19) Walking 16 (8/8) LHTL (6)
CON (10)


3000 21 14 h/d 62.17±7.44 Race walk (treadmill)


2009 (16) Triathlon 18 (14/4) LHTL (5)
IHE (8)
CON (5)


3000
3500–6000


17
17


14 h/day
60 min


72.49±4.74 Run (treadmill)


2010 (15) Cycling 9 (0/9) LHTL (5)
CON ( 4)


3000 26 14 h/day 62.20±4.68 Cycle (tode bike)


2011 Walking 10 (4/6) LHTH (5)
CON (5)


1850 28 64.98±6.59 Race walk (treadmill)


2011 Walking 6 (2/4) LHTL (3)
CON (3)


3000 28 14 h/day 60.73±6.60 Race walk (treadmill)


2012 Walking 17 (12/5) LHTH (7)
LHTH (10)


3000/1350
1350


21
21


9 h/day/15 h/day
24 h/day


66.50±6.17 Race walk (treadmill)


There were a total of 83 altitude athletes and 62 control athletes.
_VO2max values means±SD.
CON, control; F, female; IHE, intermittent hypoxic exposure; IHT, intermittent hypoxic training; LHTL, live high–train low; LHTH, live high–train high; M, male.


Figure 1 Linear regression (and 95% CI) for changes between
preintervention and postintervention for Hbmass and _VO2max, n=145.
Regression slope (solid line) and 95% CIs (dashed line) are shown. Top
panel is for intercept free to vary, and bottom panel intercept constrained
through the origin. Open circles are control participants and filled circles are
altitude participants.
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variables, _VO2max was the best predictor of performance with a
1% improvement in _VO2max resulting in a 0.5% improvement
in peak running speed, but the running economy was also a
moderate predictor of performance.36


Changes in Hbmass and _VO2max


Interestingly, the Hbmass– _VO2max relationship appears to
uncouple somewhat following altitude training, with dispropor-
tionate changes being reported in Hbmass and _VO2max. A weak
association (r=0.32) between changes in Hbmass and _VO2max


was reported following 3 weeks of LHTL simulated altitude
training combined with hypoxic training.18 In fact, when the
individual data are examined, some athletes displayed substantial
increases in Hbmass (>5%) with no change in _VO2max, whereas
others who experienced minor reductions in Hbmass increased
_VO2max by ∼5%.18 Similarly, despite a ∼4% increase in Hbmass


observed in elite runners following ∼400 h of simulated LHTL
(∼2900 m), only a trivial change in _VO2max was observed and,
not surprisingly, the relationship between changes in Hbmass and
_VO2max was also trivial (r=0.04).37 It has been reported that
after 24 days of LHTL, the Hbmass increased by 5.3% (∼44 g) in
a group of orienteers, accompanied by a 4.1% increase in
_VO2max (∼145 mL/min), which in terms of the mean data
appears in line with the expected increase in _VO2max/g of
Hbmass.


38 Indeed, the relationship between the change scores
was ∼0.7 when the group was divided into men (r=0.75) and
women (r=0.68); however, when the group data are combined,
the relationship becomes much weaker (r=0.35, p=0.29). Clark
et al13 report a trivial correlation between changes in Hbmass


and _VO2max in well-trained cyclists following 21 days of simu-
lated LHTL (r=0.09, p=0.32); however, the slope of the regres-
sion line appears to indicate that a 1% increase in Hbmass is
associated with a 0.8% increase in _VO2max. The only study to
report a significant (albeit weak) correlation (r=0.4, p=0.02)


Figure 2 Linear regression (and 95% CI) for changes between preintervention and postintervention for Hbmass and _VO2max, control (n=62),
altitude (n=83). Regression slope (solid line) and 95% CIs (dashed line) are shown. Top panels are for intercept free to vary, and bottom panels for
intercept constrained through the origin. Left-side graphs are control groups (including IHE and IHT alone) and right-side graphs are altitude groups.


Figure 3 Linear regression between Hbmass and _VO2max in raw units.
Regression slope (solid line) and 95% CIs (dashed line) are shown.
Data are cumulative for pre-exposure and postexposure to altitude,
n = 290. Top panel is for intercept free to vary, and bottom panel
intercept constrained through the origin.
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between changes in red cell volume (measured using Evan’s
Blue) and _VO2max was in a group of collegiate runners following
4 weeks of LHTL, where 5% and 9% increases in red cell
volume and _VO2max were reported.1


The current study suggests that the relationship between increases
in Hbmass and _VO2max is slightly stronger in athletes undertaking
altitude training compared to control athletes, although the variance
explained was ∼15%, which is similar to that reported previously
(r2=0.14)1 for a 9% increase in red cell volume associated with a
5% increase in _VO2max. When participants (n=18) received recom-
binant EPO injections (50 IU/kg 3×/week) for a period of 25 d,
they increased _VO2max more proportionately with the increase in
Hbmass (r2=0.28) when compared with the current data set,39


adding support to this apparent uncoupling of the Hbmass– _VO2max


relationship with altitude training. On the other hand, when non-
athletic, altitude adapted participants return to near sea-level, they
show a _VO2max similar to lowlanders despite a 13% increase in
Hbmass.


40 The lack of adaptation in _VO2max during training at
hypoxia may be related to impairment in vascular regulation and
reduced cardiac output after altitude training.10 11 Interestingly, 23
consecutive nights of LHTL simulated altitude exposure (3000 m)
depressed _VO2max by 7% with only a trivial increase in Hbmass.


41


This, along with other non-haematological adaptations that occur
with training at altitude, may explain why _VO2max does not increase
more proportionately with the increase in Hbmass. Finally, it should
be considered that even with a small TE of measurement for
_VO2max and Hbmass, it is quite likely that in some of the studies with
smaller samples, as well as in the current study, these errors contrib-
ute to an obfuscation of the relationship between the two.
However, the results of the current study are quite likely to be more
robust, given the relatively large sample size and hence greater statis-
tical power, as well as using only one method for measuring Hbmass.


The differences in the changes in the Hbmass– _VO2max rela-
tionship between the altitude and control athletes (figure 2)
are most likely a result of individual variation.17 However,
using the component estimates of TE, the combined error of
measurement for changes between successive measures of
Hbmass and _VO2max at the 95% level could be as large as
∼±8% (1.96×√2×(√(22+2.22)), which is a consequence of
analytical and biological variation in both tests. Factors such as
illness, training (or detraining), fatigue and iron stores may all
potentially affect changes in Hbmass and _VO2max.


42 43


Interestingly, for the control group, there was a scatter of data
(for changes in Hbmass and _VO2max) about the origin in posi-
tive and negative directions suggestive of measurement error,
whereas the Altitude group showed a preponderance of points
in the positive/positive quadrant for both measures, inferring
that altitude is an effective intervention to increase Hbmass and
hence _VO2max. In addition, the significant relationship for
changes in Hbmass and _VO2max found for the Control group
most likely reflects not just measurement error but also real
changes in these markers secondary to factors such as training/
detraining.


When acutely exposed to hypoxia, it is not just _VO2max that
is affected. All the functional systems of the body are affected,
including the central nervous system, respiratory system, cardio-
vascular system and muscles, a process that is mediated at the
tissue level through rapid oxygen sensing.44 The transcription
factor hypoxia-inducible factor-1 (HIF-1), present in every
tissue of the body, is the global regulator of oxygen homeostasis
and plays a critical role in the acute cardiovascular and respira-
tory responses to hypoxia.45 Improvement in many of these
responses may be a factor in their variable response to increas-
ing _VO2max after exposure to altitude.


In summary, the current data indicate that increases in Hbmass


were significantly, albeit weakly, correlated with increases in
_VO2max in elite endurance athletes after altitude training inter-
ventions with an approximate 1% increase in Hbmass resulting
in a 0.6–0.7% increase in _VO2max. However, since the relation-
ship is not perfect, other factors must be considered, which
affect changes in _VO2max, in addition to other responses from
altitude that may impact on performance.


What are the new findings?


▸ This study confirms the strong cross-sectional relationship
between haemoglobin mass (Hbmass) and maximal oxygen
uptake ( _VO2max) in a sample of 145 elite athletes.


▸ Adequate moderate altitude exposure is effective for
increasing Hbmass and _VO2max in elite endurance athletes by
∼3%. But the correlation between these changes is weak
and explains less than one-sixth of the variation, indicating
that other factors are still important in increasing _VO2max


after altitude training, apart from an increased Hbmass.


How might it impact on clinical practice in the near
future?


▸ Altitude training can be undertaken as a helpful method to
improve endurance performance in already highly trained
athletes, but it should be incorporated as part of an annual
plan.


▸ Race performance may improve post-altitude as a result of
increased haemoglobin mass and maximal oxygen uptake,
but other non-haematological factors are also quite likely
important. Therefore, altitude training studies should not be
limited to measuring these two variables alone.
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ABSTRACT
Objectives The optimal strategy for soccer teams
playing at altitude is not known, that is, ‘fly-in, fly-out’
versus short-term acclimatisation. Here, we document
changes in blood gas and vascular volumes of sea-level
(Australian, n=20) and altitude (Bolivian, n=19) native
soccer players at 3600 m.
Methods Haemoglobin-oxygen saturation (Hb-sO2),
arterial oxygen content (CaO2), haemoglobin mass
(Hbmass), blood volume (BV) and blood gas
concentrations were measured before descent (Bolivians
only), together with aerobic fitness (via Yo-YoIR1), near
sea-level, after ascent and during 13 days at 3600 m.
Results At baseline, haemoglobin concentration [Hb]
and Hbmass were higher in Bolivians (mean±SD; 18.2
±1.0 g/dL, 12.8±0.8 g/kg) than Australians (15.0±0.9 g/
dL, 11.6±0.7 g/kg; both p≤0.001). Near sea-level, [Hb]
of Bolivians decreased to 16.6±0.9 g/dL, but normalised
upon return to 3600 m; Hbmass was constant regardless
of altitude. In Australians, [Hb] increased after 12 days at
3600 m to 17.3±1.0 g/dL; Hbmass increased by 3.0
±2.7% (p≤0.01). BV decreased in both teams at altitude
by ∼400 mL. Arterial partial pressure for oxygen (PaO2),
Hb-sO2 and CaO2 of both teams decreased within 2 h of
arrival at 3600 m (p≤0.001) but increased over the
following days, with CaO2 overcompensated in
Australians (+1.7±1.2 mL/100 mL; p≤0.001). Yo-YoIR1
was lower on the 3rd versus 10th day at altitude and was
significantly related to CaO2.
Conclusions The marked drop in PaO2 and CaO2


observed after ascent does not support the ‘fly-in, fly-out’
approach for soccer teams to play immediately after
arrival at altitude. Although short-term acclimatisation
was sufficient for Australians to stabilise their CaO2


(mostly due to loss of plasma volume), 12 days appears
insufficient to reach chronic levels of adaption.


INTRODUCTION
Playing soccer at altitude presents an interesting
dilemma for teams. Following reports of discom-
fort by several South American soccer federations,
Federation Internationale de Football Association
(FIFA) banned international games at altitudes
above 2500 m in 2007, but after political interven-
tion, the limit was increased to 3000 m and shortly
thereafter suspended pending more data. FIFA pub-
lished a consensus statement in 2008, indicating
soccer performance is likely compromised at mod-
erate altitude (2000–3000 m) but that any


decrement could be abated within 2 weeks through
acclimatisation.1


Until now, very little data existed relating to
soccer at altitude, especially above 3000 m. The
only available published study on VO2 max of pro-
fessional soccer players from altitude (La Paz,
3600 m) and near sea-level (Santa Cruz 430 m,
both Bolivia) showed a more pronounced decrease
in lowlanders when moving from low-land to alti-
tude (3600 m) than in players adapted to altitude.2


The time course of acclimatisation, and hence the
optimum preparation strategy, however, is not
known. As a consequence of busy match schedules,
logistics and monetary constraints, many teams opt
for a ‘fly-in, fly-out’ approach, rather than investing
in a longer (1–2 week) acclimatisation phase.
Additionally, there is some anecdotal belief that if
matches are played within the first few hours of
arrival at altitude, physical performance will be less
compromised.
Regardless of the acclimatisation strategy


employed, reduced oxygen availability at altitude,
resulting in low arterial partial pressure for oxygen
(PaO2) and low arterial oxygen content (CaO2),
markedly reduces aerobic performance of players
from sea-level.2 Thus, even acute exposure to alti-
tude triggers a multifaceted response. While PaO2


at altitude mostly depends on the degree of
hypoxic ventilation, CaO2 is also determined by
the position of the oxygen dissociation curve3 and
especially by haemoglobin concentration ([Hb])—
which in turn depends on the loss of body water
and thereby changes in blood and plasma volume
(PV), and the erythropoietic response.4 Acutely,
changes in ventilation and diuresis appear to be the
most important adaptive mechanisms as the
increase in haemoglobin mass (Hbmass) is too slow
for immediate needs5 6 and represents a long-term
adaptation. Therefore, the primary aim was to
document the time-course and magnitude of
changes in CaO2 and the corresponding adapta-
tions of Hbmass, and blood volume (BV) in sea-
level native soccer players during 2 weeks of expos-
ure at 3600 m.
Altitude residents descending from altitude to


sea-level are characterised by a rapidly occurring
water retention leading to increased PV.4 7 When
these subjects return to altitude after a short
sojourn at sea-level, some physiological functions
must ‘re-adapt’ (eg, erythropoietin (EPO)
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secretion), while other functions are able to switch quickly to
altitude conditions (eg, ventilation).8 The secondary aim of the
study was, therefore, to monitor possible blood gas and vascular
volume changes in altitude natives following descent to near
sea-level and upon return to altitude. In this respect, altitude
natives provide a reference for chronic altitude adaptation, and
may provide additional insight into acute responses to altered
oxygen availability.


METHODS
Participants
Thirty-nine youth soccer players provided written informed
consent to participate in the study which was approved by two
independent Human Ethics Committees.9 Players consisted of
two teams: ‘The Joeys’ Australian U17 National team (n=20)
and U20 players from ‘The Strongest’, a professional club based
in La Paz (n=19). Australian players were lifetime sea-level resi-
dents. Bolivian players were altitude natives, born between
2800 m and 4100 m<stet> and residing in La Paz (3200–
4100 m) at the time of the study. The complete study design
and participant characteristics are reported in a companion
paper.9 Data pertaining to wellness, running performance, activ-
ity during matches and sleep architecture are reported in com-
panion papers in this issue.9–13


Serum ferritin was assessed 4 weeks prior to the start of the
study. Players with values below <40 μg/L (5 Australians, 4
Bolivians) were immediately supplemented with oral iron daily
(305 mg ferrous sulfate). The remaining Australians started sup-
plementation 1 week prior to ascent and continued throughout
exposure.


Study design
Both teams trained for 6 days near sea-level (Santa Cruz,
Bolivia, 430 m) followed by 13 days of altitude training in La
Paz (3600 m). Hbmass, BV, [Hb], haemoglobin-oxygen satur-
ation (Hb-sO2), blood gases and the acid–base status of the
Bolivians were measured in La Paz, 4–5 days prior to descent
and after 5 days near sea-level. Australian players flew to Santa
Cruz where baseline haematological measures were established
from duplicate measurements taken 2 and 4 days after arrival.
Both teams flew to La Paz on the sixth day, with blood gas


measures performed within 2 h of arrival. Hbmass, BV and
blood gas measures were performed on days 5 (Bolivians) and 7
(Australians) at altitude and at the end of exposure, with add-
itional blood gas measures performed on day 3 (see figure 1 in
our companion paper8). Hbmass was also measured in 10
Australian players 2 weeks later in Canberra, Australia
(∼600 m).


Aerobic fitness was assessed on a grass football pitch on day 2
near sea-level using the Yo-Yo intermittent recovery test level 1
(Yo-YoIR1),14 and repeated on days 3 and 10 at altitude (for a
complete description see our companion paper11).


Procedures
Hbmass was measured using the optimised carbon monoxide
rebreathing technique.15 A CO bolus of 1.2 mL/kg body mass
was rebreathed through a glass spirometer for 2 min. The
volume of CO administered at altitude was adjusted according
to barometric pressure. Capillary blood was sampled before and
7 min after inhalation and analysed for carboxyhaemoglobin
(HbCO) concentration (OSM3, Radiometer, Copenhagen,
Denmark). The same analyser was used for all measures in
Bolivia. Custom quality controls were analysed to ensure the sta-
bility of the analyser,16 and to allow comparison in series with
the final measurement in Australia, where a second analyser was
used. Since the quality controls were stable, no corrections were
performed.


Capillary haemoglobin concentration (c[Hb]) was measured
in duplicate using a Hemocue Hb201 System (Cypress, USA)
before each rebreathing test after the subjects had been seated
for at least 10 min and used to calculate BV. Blood gases (PaO2,
PaCO2), Hb-sO2, pH, actual bicarbonate ([HCO3


−]) and base
excess (BE) were measured from capillary blood (ABL80Flex,
Radiometer, Copenhagen, Denmark).


Statistics
Data are presented as mean±SDs. Paired t-test’s including a
Bonferroni correction were applied to compare mean within
groups and unpaired t-tests were used for a comparison of
Australians and Bolivians at corresponding time-points. Linear
regression analysis was used to evaluate the dependency of
Hb-sO2 on PaCO2 and Yo-YoIR1 distance at altitude on CaO2.


Figure 1 Haemoglobin oxygen
saturation (Hb-sO2) in arterialised
blood of Australian (AUS) and Bolivian
(BOL) soccer players at near sea level
and during the 12 day acclimatisation
period at 3600 m. *** indicates the
group differences from the data at sea
level. +++ indicates the significance of
differences between both teams
(+p<0.05, ++p<0.01, +++p<0.001).
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A mixed model with Hb-sO2, Hbmass and BV as covariates was
calculated to quantify their effects on CaO2 when Bolivians des-
cended to Santa Cruz and after ascent of both teams to La Paz.


RESULTS
PaO2 (table 1) and Hb-sO2 (figure 1) increased in Bolivians near
sea-level and decreased in both teams within 2 h of arrival at
3600 m (Hb-sO2; Australians: 84.6±3.0%; Bolivians: 87.6
±2.3%; p≤0.001). Both parameters remained low for 3 days,
with a greater decrease in Australians, before increasing in the
following days (Hb-sO2; Australians: 90.4±1.7%, Bolivians:
91.0±1.5%, p≤0.001).


PaCO2 (table 1) considerably increased in Bolivians near sea-
level. Upon ascent, PaCO2 of both teams was unchanged within
2 h of arrival, but was lower at day 3 and continued to drop
throughout exposure.


pH decreased in Bolivians after arrival near sea-level, did not
change in either team after 3 days at altitude and slightly
increased thereafter (table 1). [HCO3


−] and BE did not change in
Australians 2 h after arrival at altitude and significantly
decreased over the following days (table 1). No substantial
group differences existed for PaCO2 and pH [HCO3


−] and BE
decreased slightly faster in Bolivians.


Linear regression analysis showed significant negative relation-
ships between Hb-sO2 and PaCO2 in both groups (figure 2). At
identical PaCO2, Hb-sO2 was higher in the Bolivians.


Baseline [Hb] and Hbmass were 15.0±0.9 g/dL and 797
±75 g, respectively, in Australians and 18.2±1.0 g/dL and 833
±104 g in Bolivians. After descending, near sea-level [Hb]
(figure 3A) decreased in Bolivians to 16.7±0.9 g/dL (p<0.001)
and after 5 days back at altitude almost reached predescent
levels (17.8±0.6 g/dL, p<0.001). In Australians, near sea-level
[Hb] was clearly lower vs Bolivians and increased markedly
during altitude exposure (17.3±1.0 g/dL, p<0.001). Absolute
Hbmass (figure 3B) remained unchanged in Bolivians, but signifi-
cantly increased in Australians (+25.8 g, p<0.001). Relative
Hbmass (figure 3C) was clearly different between both groups at
baseline (Australians: 11.5±0.7 g/kg, Bolivians 13.3±0.8 g/kg,
p<0.001). Near sea-level relative Hbmass significantly decreased
in Bolivians (12.8±0.8 g/kg, p<0.01) but returned to baseline at
altitude. In Australians, relative Hbmass significantly increased at
altitude (12.3±0.9 g/kg, p<0.001) without achieving the values
of Bolivians, and remained elevated in 10 players measured
2 weeks later in Australia.


Before descending, BV (figure 3D) was significantly lower in
Bolivians (5306±637 mL, Australians: 6040±503 mL, p<0.01)
and increased near sea-level by 518±306 mL to the same level
as Australians. At altitude, BV decreased in both groups by
>400 mL (Bolivians at day 5 5395±683 mL, Australians at day
12: 5608±621 mL, p<0.001).


In Bolivians, CaO2 (figure 4) only slightly dropped after
descent (22.5±1.3 mL/dL) and remained significantly higher vs
Australians (20.0±1.5 mL/dL). Upon ascent, CaO2 significantly
decreased in both teams 2 h after arrival (Australians: 17.7
±1.4 mL/dL, Bolivians: 20.3±1.2 mL/dL, p<0.001) and consid-
erably increased the following days achieving baseline values in
Bolivians (at day 5: 22.3±1.0 mL/dL) and showing a significant
overcompensation in Australians (at day 12: 21.8±1.4 mL/dL,
p<0.001).


The results of an analysis of covariance demonstrate that in
both teams, the increase in CaO2 during acclimatisation
(Australians) or reacclimatisation (Bolivians) to high altitude is
mostly due to the decrease in BV followed by an increase in
Hb-sO2, and for Australians, only partially to the increase in
Hbmass (table 2).


Results of Yo-YoIR1 are presented in a companion paper.11


Briefly, total distance covered in the Yo-YoIR1 decreased in both
teams at altitude compared to near sea-level, but to a greater
extent in Australians. After 10 days, distance was restored to
near sea-level values in the Bolivians but not Australians. Linear
regression analysis showed a significant positive relationship
between CaO2 and Yo-YoIR1 distance (figure 5).


DISCUSSION
This is the first study, to our knowledge, to examine the time
course of BV and ventilatory responses to altitude in soccer
players. The main finding was that ventilatory responses were
delayed for a few hours upon ascent, with CaO2 consequently
compromised in the short-term. Over time, CaO2 was compen-
sated by increased hypoxic ventilation, a decrease in BV and, in
Australians only, an increase in Hbmass.


BV, [Hb] and Hbmass
At baseline, the Bolivians were characterised by a higher
Hbmass and [Hb] but smaller BV than Australians; the first of
which demonstrates long-term adaptation to life-long living at
altitude.7 17 18 Following descent, absolute values of Hbmass


Table 1 Arterial oxygen partial pressure (PaO2) and acid-base status in Australian (AUS) and Bolivian (BOL) football players at near sea-level
and during 12 days at 3600 m


La Paz Day 5 Santa Cruz La Paz Day 1 La Paz Day 3 La Paz Day 5/7 La Paz Day 12/16


PaO2 (mm Hg) AUS 71.3±8.5 43.9±2.6***, +++ 43.5±2.1***, +++ 51.1±3.7***, xxx 56.1±2.2***, xxx, +++


BOL 54.3±2.4***, xxx 75.7±6.8 48.2±3.4*** 47.9±2.5***, xxx 51.9±2.2***, xxx 60.0±2.6***, xxx


PaCO2 (mm Hg) AUS 39.7±2.4 39.1±2.3 35.8±2.3*** 32.4±2.3*** 30.7±1.3***
BOL 30.5±1.6*** 39.4±3.0 38.7±3.3 34.9±2.9*** 33.3±2.3*** 31.9±2.0***


pH AUS 7.40±0.03 7.40±0.02 7.38±0.01* 7.42±0.03*** 7.43±0.02***
BOL 7.44±0.02*** 7.41±0.02 7.40±0.03 7.40±0.02 7.43±0.02*** 7.42±0.02*


Actual bicarbonate (mmol/L) AUS 24.8±1.1 24.1±1.3 20.4±2.0*** 20.6±1.3***, + 20.1±0.7***
BOL 20.7±1.3*** 24.1±1.4 23.0±1.9** 20.9±1.3*** 21.6±1.1*** 20.5±1.0***


base excess (mmol/L) AUS 0.7±1.2 0.1±1.6 −3.6±1.5*** −3.3±1.7***, + −3.4±0.9***
BOL −2.8±1.4*** 0.1±1.1 −1.1±1.8** −3.2±1.2*** −2.1±0.8*** −3.3±1.1***


Significant differences from the near sea-level values are indicated as *p<0.05, **p<0.01, ***p<0.001.
Significant differences from the value determined 2 h after arrival at altitude (only for PaO2) are indicated byxxx p<0.001.
Differences between the Australian and Bolivian football players are presented as +p<0.05, +++p<0.001.
PaCO2, arterial partial pressure for CO2.
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were held constant in the Bolivians, with no evidence of neocy-
tolysis observed after 5 days. Neocytolysis describes the selective
destruction of neocytes deemed to be in excess following a
change in environment,19 20 for example, following altitude


exposure.21 Our observations are similar to those in Kenyan alti-
tude natives training at sea-level, where a decrease in Hbmass
was not observed until a number of weeks at sea-level,22 indicat-
ing that in altitude natives living at 3600 m or lower, any


Figure 2 Relationship between
haemoglobin oxygen saturation
(Hb-sO2) and arterial partial pressure
of carbon dioxide (PaCO2) which
reflects the degree of hyperventilation.
Data are obtained from day 1 to day
12 at altitude (BOL at day 16). During
the first days at altitude
Hb-O2-saturation is higher in BOL at
identical PaCO2. AUS, Australian
players, BOL, Bolivian players.


Figure 3 (A) Haemoglobin concentration, (B) absolute haemoglobin mass (Hbmass), (C) relative haemoglobin mass (rel. Hbmass), (D) blood
volume of Australian (AUS) and Bolivian (BOL) players at near sea-level (430) and after ascent to altitude (3600 m).
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decrease in Hbmass is a result of slowly altered red cell turnover
as opposed to rapid neocytolysis.


The changes to BV and [Hb] observed in the Bolivians near
sea-level were quickly restored to baseline levels after 5 days at
3600 m. Thus, it appears that even though altitude natives
undergo several changes when they descend to low altitude,
these adaptations are relatively labile and allow them to acclima-
tise quickly upon return to altitude, through changes in altitude
diuresis. Although the acute time course of changes in BV
during the first day of altitude could not be determined, we may
assume them to be negligible. Previously, we have demonstrated
that PV and extracellular water remained unchanged in the first
day after ascent to 3600 m but considerably decreased the fol-
lowing days, due to hormonally provoked diuresis.23 Similarly,
Loeppky et al24 report an unchanged PV within 10 h exposure
to reduced barometric pressure of 432 mm Hg (corresponding
to an altitude of ∼4300 m). The magnitude of decrease in BV of
Australians and Bolivians determined over the subsequent days
is consistent with data from others7 and can be explained
mostly by the action of the diuresis-regulating hormones aldos-
terone, atrial natriuretic peptide and antidiuretic hormone.25


However, the influence of changes in temperature26 associated
with changing altitude and exercise load27 on PV should also be
considered. Since both teams did not considerably change their
training habits from the prephase of the study (Santa Cruz) to
the time period in La Paz, an influence of physical activity on
PV is unlikely. On the other hand, since the day-temperature in
La Paz is lower than in Santa Cruz, a thermal influence cannot
be completely discounted as is demonstrated by seasonal


variation in PV of up to 5%.28 However, since both teams spent
the majority of time in Santa Cruz in air-conditioned rooms, we
also expect such thermal influence to be minimal.


Conversely, Hbmass of Bolivians was stable at altitude, sug-
gesting that the erythropoietic cascade was not accelerated
despite the 6-day sojourn near sea-level, (although without
[EPO] and reticulocyte data this assertion cannot be confirmed).
Our observations appear to be in contrast to the ‘finely con-
trolled erythropoietin regulation’ consistently observed in
Chilean soldiers during long-term intermittent hypoxic expos-
ure showing increased [EPO] when returning to altitude.7


Unfortunately, [EPO] data are unavailable at present, therefore
we are unable to draw conclusions on possible differences in
epidemiological adaptations over generations17 as opposed to
during a single lifetime.


An increase in Hbmass was evident in the Australians after
7 days with a further increase measured on day 12. Mean data
previously suggests an increase of 1% per 100 h of exposure at
3000 m,5 29 predicting a 3% change after 12 days—exactly the
value observed. The expanded Hbmass was maintained 2 weeks
after exposure in the Australian players who were measured,
that is neocytolysis was not observed after their return to
sea-level.


Blood gases and acid–base status
Immediately upon ascent, the challenge of oxygen availability is
evident from the changes in blood gases. PaO2 and consequently
Hb-sO2 were dramatically decreased in both teams, with the
drop more evident in Australians who lacked any altitude


Figure 4 Oxygen content in
arterialised blood (CaO2). For statistical
information see figure 1.


Table 2 Influence of haemoglobin oxygen saturation (Hb-sO2), haemoglobin mass (Hbmass) and blood volume on arterial oxygen content
(CaO2)


p Value Estimate CI (95%) AUS day 12, (%) BOL day 16, (%)


Hb-sO2 (%) <0.001 0.229 0.222 to 0.236 33 34
Hbmass (g) <0.001 0.0271 0.0264 to 0.0278 20 8
Blood volume (mL) <0.001 −0.00395 −0.00405 to −0.00384 42 55


Demonstrated are the results of an analysis of covariance (mixed model) and the calculated percentage contribution of Hb-sO2, Hbmass and blood volume on the compensation of CaO2
after ascent to altitude (difference from day 1).
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acclimatisation, while Bolivians almost reached altitude baseline
values within 5 days of reacclimatisation. PaCO2 was used
inversely as a surrogate for ventilatory drive30; decreasing mark-
edly in the first few days at altitude as ventilation increased.
However, in the first few hours following arrival, the ventilatory
drive of both teams remained low, with PaCO2 unchanged after
2 h at altitude. PaCO2 did not reach a plateau until the second
week at altitude, consistent with previous reports that ventila-
tion stabilises after 6 days at 4300 m.31


An important long-term adaptation to the altitude environ-
ment was evident in the Bolivians in the form of more effective
pulmonary diffusion reflected by the higher PaO2 and Hb-sO2


at similar PaCO2 (figure 2). This finding concurs with previous
data showing exceptionally high lung diffusion capacities in
high-altitude natives.32 The absence of any pH changes immedi-
ately after ascent to altitude was due to the delayed hyperventi-
lation,33 whereas the moderate increase in pH in the following
days can be attributed to hyperventilation and not complete
renal compensation, which is reflected by the lowered [HCO3


−]
and BE.


Arterial O2-content (CaO2)
CaO2 in the Bolivians did not change after 5 days near sea-level,
despite a 7% increase in Hb-sO2. This hyperventilation effect
was counterbalanced by ∼10% increase in BV, resulting in an
equivalent drop in [Hb]. After ascent, the immediate fall in
Hb-sO2 decreased CaO2 by ∼12% and 10% in Australians and
Bolivians, respectively; but was completely compensated within
1 week; the most effective mechanism being the lowered PV, fol-
lowed by ventilatory adaptations (table 2). The increased
Hbmass accounts for only 20% of the CaO2 increase after
12 days and can be considered to be of minor importance for
the Australians. However, if a longer acclimatisation period was
adopted, and evoked similar Hbmass values to the Bolivians, the
contribution of Hbmass to the CaO2 compensation would
exceed 50%.


At moderate altitude, the decrease in CaO2 completely
explains the reduction in aerobic power, whereas at high altitude
(5300 m), the low CaO2 accounts for approximately two thirds
of this loss,34 emphasising the importance of CaO2 for


endurance performance. Indeed, this notion is supported by the
relationship between CaO2 and Yo-YoIR1 distance at altitude as
well as the less pronounced decrease in Yo-YoIR1 distance 3 days
after arrival at 3600 m in the Bolivians compared to the
Australians (when CaO2 was almost fully compensated), and
which subsequently increased to near sea-level values restored
by day 10.11 Thus, short-term reacclimatisation was likely suffi-
cient to restore aerobic power of the Bolivians in their normal
environment, whereas for sea-level natives, it is apparent that an
optimal acclimatisation requires more time.


Anecdotal reports have led to a common belief that a ‘fly-in,
fly-out’ approach, with games played within hours of arrival,
minimises performance impairment. The almost unchanged
acid–base status within 2 h of arrival indicates a preserved
buffer capacity, and may partially support this notion. However,
this belief is contradicted by the low PaO2 and CaO2 at the
same time point. In addition, global positioning system (GPS)
analysis of the activity profile of the players during matches
indicates an altitude-induced reduction in match running which
is not attenuated by playing immediately upon arrival.10


Limitations
A major limitation of the study is that only physiological data
obtained under resting conditions are available. Inferences
regarding changes in blood gases and saturation during exercise
can only be made based on data currently available in the litera-
ture.4 Further, it is possible that some responses were compro-
mised in the case of the Australians as a result of mild illness.


CONCLUSION
Soccer matches at altitude are presently unavoidable. Our data
indicate that CaO2 is a major limiting factor for sea-level natives
at altitude. The ventilatory response appears to be delayed for
several hours after arrival, thereby maintaining a stable acid–
base status and buffer capacity, but is unlikely to compensate for
the dramatic decrease in PaO2 and CaO2 immediately after
ascent. CaO2 is fortunately compensated following a period of
acclimatisation. While adaptive differences between native sea-
level and altitude residents were still evident after 12 days of
acclimatisation, aerobic power was partially recovered,


Figure 5 Relationship between total
distance covered in the Yo-Yo
intermittent recovery test level 1
(Yo-YoIR1) performed at altitude (see
our accompanying paper11) and CaO2.
Yo-YoIR1 data are obtained from day 3
and day 10 at altitude. Hbmass data
are obtained from preascent values
and after 12 days of acclimatisation.
AUS, Australian players; BOL, Bolivian
players.
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indicating 2 weeks of altitude acclimatisation may be a reason-
able compromise for sea-level teams required to play at altitude.
However, the logistics and time constraints associated with this
strategy remain a challenge.


What are the new findings?


▸ Arterial oxygen content (CaO2) is a major limiting factor for
sea-level natives at altitude.


▸ The ventilatory response appears to be delayed for several
hours after arrival, thereby maintaining a stable acid–base
status and buffer capacity, but is unlikely to compensate for
the dramatic decrease in arterial partial pressure for oxygen
and CaO2 immediately after ascent.


▸ Adaptive differences between native sea-level and altitude
residents were still evident after 12 days of acclimatisation,
but endurance performance was substantially recovered.


How might the findings impact clinical practice in the
near future:


▸ Changes in arterial oxygen availability (CaO2) following
ascent do not appear to support a ‘fly-in, fly-out’ approach
for playing at altitude, although other physiological data
should also be considered.


▸ Two weeks of altitude acclimatisation may be a reasonable
compromise for teams required to play at altitude.
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