Advancing hypoxic training in team sports:
from intermittent hypoxic training to repeated
sprint training in hypoxia
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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.
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Prolonged altitude sojourns using the ‘live hightrain 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 underpinning physiological mechanisms and signalling pathways 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 conditions, has gained large popularity. Hence, IHT presents 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 deleterious effect (decreased muscle excitability) of an
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extended stay in altitude.6 By adding the stress of
hypoxia during ‘aerobic’ or ‘anaerobic’ interval
training (INT), it is believed that IHTwould potentiate 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 exercise 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 noteworthy that these studies were ‘uncontrolled’, and
therefore the effects of training cannot be distinguished from those of hypoxia.13 As such, it seems
that after decades of research, “IHT does not
increase exercise performance at sea level in endurance 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 numerous 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 defensively 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 additional 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 (discussed 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 summarise the main mechanisms for INT and repeated sprint training 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 differentiating IHT and RSH. Third, to discuss the potential mechanisms
underpinning the effectiveness of those methods, and their
inherent limitations, along with new research avenues surrounding 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’, ‘intermittent 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 performance 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 training 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 myocardium 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 anaerobic glycolysis), metabolite accumulation (eg, inorganic phosphate, 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
2 of 8

contribution at the start of a sprint. If the increase in H+ accumulation 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 resynthesis 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 performance. 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 determinants 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 performancerelated 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 mechanisms 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 performance 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 teamsport 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
Faiss R, et al. Br J Sports Med 2013;47:i45–i50. doi:10.1136/bjsports-2013-092741
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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)
Design (number of training sessions, type, altitude and training
content)

Author (year)

Participants

Roskamm et al (1969)46

Untrained

Terrados et al (1988)47

Elite cyclists

Martino et al (1995)48

Elite swimmers

Emonson et al (1997)49

Untrained

15 over 5 weeks, cycling, 2500 m (HH). 45 min at 70% of VO2max

Katayama et al (1998)50

Untrained

Bailey et al (2000)51

Runners

10 over 2 weeks, cycling, 4500 m (HH). 30 min at 70% of normoxic
VO2max level
4 weeks at ∼2000 m (NH). Aerobic training, no details

Geiser et al (2001)52

Untrained

24 over 4 weeks, cycling, 2250 m (N=6) or 3450 m (N=6; HH). 30 min
aerobic training
12–20 over 3–4 weeks, cycling, 2300 m (HH). Aerobic training and
some intervals (15 s at 130% of aerobic peak power output)
Swim sprints at 2800 m (HH) during 21 days at altitude. No details
available

30 over 6 weeks, cycling, 3850 m (NH). 30 min at 77–85% of
maximum heart rate

Groups
IHT, N=12
INT, N=6
IHT, N=4
INT, N=4
IHT, N=20
INT, N=13
IHT, N=9
INT, N=9
IHT, N=7
INT, N=7
IHT, N=18
INT, N=14
IHT, N=18
INT, H=15

Karlsen et al (2002)53

Cyclists

9 over 3 weeks, cycling, 3000 m (NH). 120 min aerobic training

IHT, N=8
INT, N=8

Hendriksen and
Meeuwsen (2003)54
Truijens et al (2003)55

Triathletes

10 over 10 days, cycling, 2500 m (HH). 105 min aerobic training

Swimmers

Ventura et al (2003)56

Cyclists

15 over 5 weeks, swimming, 2500 m (NH). 12.5 min >100% VO2max
(30 s or 60 s bouts)
18 over 6 weeks, cycling, 3200 m (NH). 30 min aerobic training

IHT, N=8
INT, N=8
IHT, N=8
INT, N=8
IHT, N=7
INT, N=5

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
INT, N=8

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
IHIT, N=11

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)

INT, N=11
IHT, N=10
INT, N=9

Dufour et al (2006)59

Runners

12 over 6 weeks, running, 3000 m (NH). 24–40 min <VO2max

IHT, N=9

Hamlin et al (2010)22
Lecoultre et al (2010)60

Cyclists and
triathletes
Cyclists

Mao et al (2011)61

Active males

10 over 10 days, cycling, 3200–4400 m (NH). 90 min aerobic training
followed by two 30 s Wingate tests
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
25 over 5 weeks, cycling, 2750 m (NH). 30 min aerobic training

Manimmanakorn et al
(2013)23

Female team-sport
players

Holliss et al (2013)62

Active males

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
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

INT, N=9
IHT, N=9
INT, N=7
IHT, N=7
INT, N=7
IHT, N=12
INT, N=12
IHT, N=10
INT, N=10
IHT, N=9
INT, N=9

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
RSN, N=10

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

CON, N=10
RSH, N=15
RSN, N=15

Statistically significant
results (p<0.05)
10–17% VO2max
6% VO2max
33% PPO
22% PPO
−6% 100 m swim time, 34%
PPO arm Wingate test
NS changes
12% VO2max
12% VO2max
7% VO2max
5% VO2max
15% VO2max
5% VO2max
11% VO2max, 17% 30 min TT
mean PO
9% VO2max, 19% 30 min TT
mean PO
NS changes in VO2max or
30 min TT
NS changes in VO2max or
30 min TT
5% PPO cycling Wingate test
NS increase
NS changes
6% VO2max
NS changes in VO2max or
10 min TT
NS changes in VO2max or
10 min TT
8% cycling Wingate test PPO,
7% VO2max
6.5% cycling Wingate test
PPO, 8% VO2max
4% 10 min TT mean PO
9% VO2max, 5% 10 min TT
mean PO
5% 10 min TT mean PO
7% aerobic PPO
7% aerobic PPO, 8% 10 min
TT mean PO
5% VO2max, 35% Tlim at
vVO2max
NS changes
3% PO cycling Wingate test
NS changes
7% 40 km TT mean PO
6% 40 km TT mean PO
16% VO2max
10% VO2max
15% MVC3, 17% MVC30,
129% REPS201RM
86% REP201RM
25% leg extension,
incremental Tlim
27% leg extension,
incremental Tlim
6% sprint PO, 6% VO2max,
6% 10 min PO, 7% LT4
5% sprint PO, 6% VO2max,
6% 10 min PO, NS
NS changes
33% Yo-Yo Intermittent
Recovery 1 test performance
14% Yo-Yo Intermittent
Recovery 1 test performance
Continued
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Table 1

Continued

Author (year)

Participants

Design (number of training sessions, type, altitude and training
content)

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

Groups
RSH, N=20
RSH, N=20
CON, N=10

Statistically significant
results (p<0.05)
6% sprint PO, 38%
completed sprints in RSA test
7% sprint PO, no change in
completed sprints
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.

increased anaerobic capacity (eg, larger increase in Wingate performance). 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 normoxia.16 Other well-designed controlled studies highlighted the
beneﬁts of IHT on 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 strategies 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 “stimulating 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 signiﬁcant 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 triggered by normoxic exercise. In particular, the lower partial pressure 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 crosssectional area as well as upregulation of factors of mitochondrial
biogenesis or enzymes implicated in carbohydrate and mitochondrial metabolism, oxidative stress defence and pH regulation.10 11 47 52 59 70 71 However, as stated recently,9 one may
question the functional signiﬁcance of these physiological adaptations (eg, larger increase in citrate synthase activity in IHT
than in INT) since the effects of IHT on endurance performance
measured in normoxia are ‘minimal and inconclusive in trained
athletes’.21
Several authors have reported additional adaptations potentially favourable to high-intensity exercises. These include
4 of 8

improvements in muscle O2 homeostasis and tissue perfusion
induced by improved mitochondrial efﬁciency, control of mitochondrial 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 irrelevant 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 corresponding to the second ventilatory threshold,12 59 72 where the
increased expression of factors involved in glucose uptake, oxidative 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 predominate, 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 repetition 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 therefore 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 mechanical work.77–79
Recently, we65 showed that RSH delays fatigue during a
repeated sprint test to exhaustion. In that study, 50 trained athletes 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
Faiss R, et al. Br J Sports Med 2013;47:i45–i50. doi:10.1136/bjsports-2013-092741
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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 crosssectional 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 compensatory vasodilation to match an increased oxygen demand at
the muscular level.81
Increasing evidence indicates that neuromuscular (muscle contractility and/or activation), biomechanical (running economy)
and metabolic (muscle and/or cerebral deoxygenation/reoxygenation 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 resynthesis) 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 correlate 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, glycolytic 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 constantly 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 paramount 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 treadmill 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 (NO−
3 ) supplementation that enhances blood ﬂow. With NO−
3 supplementation, 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 IHT was probably not due to an enhanced mitochondrial biogenesis but most likely due to a greater enhancement of muscle O2 delivery. Overall, a faster PCr resynthesis
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endurance performance, anaerobic capacity and RSA. If endurance 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 relevance of the observed improvement in RSA in team-sport athletes 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 phosphofructokinase 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 highintensity intermittent running performance (Yo-Yo IR1 test80).
This substantially higher performance improvement has important 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
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resulting from RSH would manifest because of better maintenance 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.

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
CONCLUSION
A thorough analysis of studies that have used IHT leads to strikingly 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 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 investigated 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 performance. Since team sports are characterised by intense exercise 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 provided, it is felt that compared to IHT, RSH is based on different
fundamental mechanisms that are likely to be ﬁbre-type selective, 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 compared 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.
6 of 8

▸ 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.

Contributors RF, OG and GPM drafted the article, revised it critically for important
intellectual content and approved the version to be published.
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
2
3
4
5
6

7
8
9
10
11

12

Wilber RL. Application of altitude/hypoxic training by elite athletes. Med Sci Sports
Exerc 2007;39:1610–24.
Millet GP, Roels B, Schmitt L, et al. Combining hypoxic methods for peak
performance. Sports Med 2010;40:1–25.
Billaut F, Gore CJ, Aughey RJ. Enhancing team-sport athlete performance: is
altitude training relevant? Sports Med 2012;42:751–67.
Levine BD, Stray-Gundersen J. Dose-response of altitude training: how much
altitude is enough? Adv Exp Med Biol 2006;588:233–47.
Wilber RL, Stray-Gundersen J, Levine BD. Effect of hypoxic ‘dose’ on physiological
responses and sea-level performance. Med Sci Sports Exerc 2007;39:1590–9.
Aughey RJ, Clark SA, Gore CJ, et al. Interspersed normoxia during live high, train
low interventions reverses an early reduction in muscle Na+, K+ ATPase activity in
well-trained athletes. Eur J Appl Physiol 2006;98:299–309.
Wilber RL. Current trends in altitude training. Sports Med 2001;31:249–65.
Semenza GL, Shimoda LA, Prabhakar NR. Regulation of gene expression by HIF-1.
Novartis Found Symp 2006;272:2–8; discussion 8–14, 33–6.
Lundby C, Calbet JA, Robach P. The response of human skeletal muscle tissue to
hypoxia. Cell Mol Life Sci 2009;66:3615–23.
Hoppeler H, Vogt M. Muscle tissue adaptations to hypoxia. J Exp Biol 2001;
204(Pt 18):3133–9.
Vogt M, Puntschart A, Geiser J, et al. Molecular adaptations in human skeletal
muscle to endurance training under simulated hypoxic conditions. J Appl Physiol
2001;91:173–82.
Zoll J, Ponsot E, Dufour S, et al. Exercise training in normobaric hypoxia in
endurance runners. III. Muscular adjustments of selected gene transcripts. J Appl
Physiol 2006;100:1258–66.

Faiss R, et al. Br J Sports Med 2013;47:i45–i50. doi:10.1136/bjsports-2013-092741

Br J Sports Med: first published as 10.1136/bjsports-2013-092741 on 26 November 2013. Downloaded from http://bjsm.bmj.com/ on 23 January 2019 by guest. Protected by copyright.

Review

13
14
15
16
17
18

19

20
21
22

23

24
25
26

27
28
29
30
31
32

33
34
35

36
37
38

39

40
41

42
43

44
45

Bartsch P, Dvorak J, Saltin B. A rebuttal. Scand J Med Sci Sports 2009;19:608.
Gatterer H, Faulhaber M, Netzer N. Hypoxic training for football players. Scand J
Med Sci Sports 2009;19:607; author reply 08.
Millet GP, Faiss R. Hypoxic conditions and exercise-to-rest ratio are likely
paramount. Sports Med 2012;42:1081–3.
Morton JP, Cable NT. Effects of intermittent hypoxic training on aerobic and
anaerobic performance. Ergonomics 2005;48:1535–46.
Daniels J, Oldridge N. The effects of alternate exposure to altitude and sea level on
world-class middle-distance runners. Med Sci Sports 1970;2:107–12.
Friedmann B, Frese F, Menold E, et al. Individual variation in the erythropoietic
response to altitude training in elite junior swimmers. Br J Sports Med
2005;39:148–53.
Gore CJ, Hahn A, Rice A, et al. Altitude training at 2690m does not increase total
haemoglobin mass or sea level VO2max in world champion track cyclists. J Sci Med
Sport 1998;1:156–70.
Mizuno M, Juel C, Bro-Rasmussen T, et al. Limb skeletal muscle adaptation in
athletes after training at altitude. J Appl Physiol 1990;68:496–502.
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.
Hamlin MJ, Marshall HC, Hellemans J, et al. Effect of intermittent hypoxic training
on 20 km time trial and 30s anaerobic performance. Scand J Med Sci Sports
2010;20:651–61.
Manimmanakorn A, Hamlin MJ, Ross JJ, et al. Effects of low-load resistance training
combined with blood ﬂow restriction or hypoxia on muscle function and
performance in netball athletes. J Sci Med Sport 2013;16:337–42.
Iaia M, Rampinini E, Bangsbo J. High-intensity training in football. Int J Sports
Physiol Perform 2009;4:291–306.
Millet GP, Faiss R, Brocherie F, et al. Hypoxic training and team sports: a challenge
to traditional methods? Br J Sports Med 2013;47:i6–7.
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.
Bonetti DL, Hopkins WG. Sea-level exercise performance following adaptation to
hypoxia: a meta-analysis. Sports Med 2009;39:107–27.
Billat V. Interval training for performance: a scientiﬁc and empirical practice. Part 1:
aerobic interval training. Sports Med 2001;31:13–31.
Billat V. Interval training for performance: a scientiﬁc and empirical practice. Part 2:
anaerobic interval training. Sports Med 2001;31:75–90.
Buchheit M, Laursen PB. High-intensity interval training, solutions to the programming
puzzle: part I: cardiopulmonary emphasis. Sports Med 2013;43:313–38.
Burnley M, Jones AM. Oxygen uptake kinetics as a determinant of sports
performance. Eur J Sport Sci 2007;7:63–79.
Midgley AW, McNaughton LR, Wilkinson M. Is there an optimal training intensity
for enhancing the maximal oxygen uptake of distance runners? Empirical research
ﬁndings, current opinions, physiological rationale and practical recommendations.
Sports Med 2006;36:117–32.
Millet GP, Libicz S, Borrani F, et al. Effects of increased intensity of intermittent
training in runners with differing VO2 kinetics. Eur J Appl Physiol 2003;90:50–7.
Millet GP, Candau R, Fattori P, et al. VO2 responses to different intermittent runs at
velocity associated with VO2max. Can J Appl Physiol 2003;28:410–23.
Midgley AW, Mc Naughton LR, Wilkinson M. Criteria and other methodological
considerations in the evaluation of time at VO2max. J Sports Med Phys Fitness
2006;46:183–8.
Girard O, Mendez-Villanueva A, Bishop D. Repeated-sprint ability—part I: factors
contributing to fatigue. Sports Med 2011;41:673–94.
Bishop D, Girard O, Mendez-Villanueva A. Repeated-sprint ability—part II:
recommendations for training. Sports Med 2011;41:741–56.
Haseler LJ, Hogan MC, Richardson RS. Skeletal muscle phosphocreatine recovery in
exercise-trained humans is dependent on O2 availability. J Appl Physiol
1999;86:2013–18.
Mendez-Villanueva A, Edge J, Suriano R, et al. The recovery of repeated-sprint
exercise is associated with PCr resynthesis, while muscle pH and EMG amplitude
remain depressed. PLoS ONE 2012;7:e51977.
Carling C. Interpreting physical performance in professional soccer match-play: should
we be more pragmatic in our approach? Sports Med 2013;43:655–63.
Rampinini E, Bishop D, Marcora SM, et al. Validity of simple ﬁeld tests as indicators
of match-related physical performance in top-level professional soccer players. Int J
Sports Med 2007;28:228–35.
Mohr M, Krustrup P, Bangsbo J. Fatigue in soccer: a brief review. J Sports Sci
2005;23:593–9.
Garvican LA, Hammond K, Varley MC, et al. Lower running performance and
exacerbated fatigue in soccer played at 1600m. Int J Sports Physiol Perform 2013
May 22. [Epub ahead of print].
Buchheit M. Should we be recommending repeated sprints to improve
repeated-sprint performance? Sports Med 2012;42:169–72.
Hoffmann JJ Jr, Reed JP, Leiting K, et al. Repeated sprints, high intensity interval
training, small sided games: theory and application to ﬁeld sports. Int J Sports
Physiol Perform 2013 May 22. [Epub ahead of print].

Faiss R, et al. Br J Sports Med 2013;47:i45–i50. doi:10.1136/bjsports-2013-092741

46
47

48

49

50

51

52

53

54

55
56
57
58
59

60

61

62
63
64
65
66

67

68

69
70
71

72

73
74
75
76

Roskamm H, Landry F, Samek L, et al. Effects of a standardized ergometer training
program at three different altitudes. J Appl Physiol 1969;27:840–7.
Terrados N, Melichna J, Sylven C, et al. Effects of training at simulated altitude on
performance and muscle metabolic capacity in competitive road cyclists. Eur J Appl
Physiol Occup Physiol 1988;57:203–9.
Martino M, Myers K, Bishop P. Effects of 21 days training at altitude on sea-level
anaerobic performance in competitive swimmers. Med Sci Sports Exerc 1995;27(5
Suppl):S7(abstract 37).
Emonson DL, Aminuddin AH, Wight RL, et al. Training-induced increases in sea
level VO2max and endurance are not enhanced by acute hypobaric exposure. Eur J
Appl Physiol Occup Physiol 1997;76:8–12.
Katayama B, Sato Y, Ishida K, et al. The effects of intermittent exposure to hypoxia
during endurance exercise training on the ventilatory responses to hypoxia and
hypercapnia in humans. Eur J Appl Physiol Occup Physiol 1998;78:189–94.
Bailey DM, Castell LM, Newsholme EA, et al. Continuous and intermittent exposure
to the hypoxia of altitude: implications for glutamine metabolism and exercise
performance. Br J Sports Med 2000;34:210–12.
Geiser J, Vogt M, Billeter R, et al. Training high—living low: changes of aerobic
performance and muscle structure with training at simulated altitude. Int J Sports
Med 2001;22:579–85.
Karlsen T, Madsen o, Rolf S, et al. Effects of 3 weeks hypoxic interval training on
sea level cycling performance and hematological parameters. Med Sci Sports Exerc
2002;34(5 Suppl 1):S224.
Hendriksen IJ, Meeuwsen T. The effect of intermittent training in hypobaric hypoxia
on sea-level exercise: a cross-over study in humans. Eur J Appl Physiol
2003;88:396–403.
Truijens MJ, Toussaint HM, Dow J, et al. Effect of high-intensity hypoxic training on
sea-level swimming performances. J Appl Physiol 2003;94:733–43.
Ventura N, Hoppeler H, Seiler R, et al. The response of trained athletes to six weeks
of endurance training in hypoxia or normoxia. Int J Sports Med 2003;24:166–72.
Roels B, Millet GP, Marcoux CJ, et al. Effects of hypoxic interval training on cycling
performance. Med Sci Sports Exerc 2005;37:138–46.
Roels B, Bentley DJ, Coste O, et al. Effects of intermittent hypoxic training on
cycling performance in well-trained athletes. Eur J Appl Physiol 2007;101:359–68.
Dufour SP, Ponsot E, Zoll J, et al. Exercise training in normobaric hypoxia in
endurance runners. I. Improvement in aerobic performance capacity. J Appl Physiol
2006;100:1238–48.
Lecoultre V, Boss A, Tappy L, et al. Training in hypoxia fails to further enhance
endurance performance and lactate clearance in well-trained men and impairs
glucose metabolism during prolonged exercise. Exp Physiol 2010;95:315–30.
Mao TY, Fu LL, Wang JS. Hypoxic exercise training causes erythrocyte senescence
and rheological dysfunction by depressed Gardos channel activity. J Appl Physiol
2011;111:382–91.
Holliss BA, Fulford J, Vanhatalo A, et al. Inﬂuence of intermittent hypoxic training
on muscle energetics and exercise tolerance. J Appl Physiol 2013;114:611–19.
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.
Galvin HM, Cooke K, Sumners DP, et al. Repeated sprint training in normobaric
hypoxia. Br J Sports Med 2013;47:i74–9.
Faiss R, Leger B, Vesin JM, et al. Signiﬁcant molecular and systemic adaptations
after repeated sprint training in hypoxia. PLoS ONE 2013;8:e56522.
Katayama K, Sato Y, Morotome Y, et al. Ventilatory chemosensitive adaptations to
intermittent hypoxic exposure with endurance training and detraining. J Appl Physiol
1999;86:1805–11.
Gore CJ, Rodriguez FA, Truijens MJ, et al. Increased serum erythropoietin but not
red cell production after 4 wk of intermittent hypobaric hypoxia (4,000–5,500m).
J Appl Physiol 2006;101:1386–93.
Buchheit M, Kuitunen S, Voss SC, et al. Physiological strain associated with
high-intensity hypoxic intervals in highly trained young runners. J Strength Cond Res
2012;26:94–105.
Kime R, Karlsen T, Nioka S, et al. Discrepancy between cardiorespiratory system and
skeletal muscle in elite cyclists after hypoxic training. Dyn Med 2003;2:4.
Desplanches D, Hoppeler H, Linossier MT, et al. Effects of training in normoxia and
normobaric hypoxia on human muscle ultrastructure. Pﬂugers Arch 1993;425:263–7.
Roels B, Thomas C, Bentley DJ, et al. Effects of intermittent hypoxic training on
amino and fatty acid oxidative combustion in human permeabilized muscle ﬁbers.
J Appl Physiol 2007;102:79–86.
Ponsot E, Dufour SP, Zoll J, et al. Exercise training in normobaric hypoxia in
endurance runners. II. Improvement of mitochondrial properties in skeletal muscle.
J Appl Physiol 2006;100:1249–57.
Toffoli S, Roegiers A, Feron O, et al. Intermittent hypoxia is an angiogenic inducer
for endothelial cells: role of HIF-1. Angiogenesis 2009;12:47–67.
Gore CJ, Hahn AG, Aughey RJ, et al. Live high:train low increases muscle buffer
capacity and submaximal cycling efﬁciency. Acta Physiol Scand 2001;173:275–86.
Levine BD. Intermittent hypoxic training: fact and fancy. High Alt Med Biol
2002;3:177–93.
Brosnan MJ, Martin DT, Hahn AG, et al. Impaired interval exercise responses in elite
female cyclists at moderate simulated altitude. J Appl Physiol 2000;89:1819–24.

7 of 8

Br J Sports Med: first published as 10.1136/bjsports-2013-092741 on 26 November 2013. Downloaded from http://bjsm.bmj.com/ on 23 January 2019 by guest. Protected by copyright.

Review

77
78

79
80

81

82
83

84

Smith KJ, Billaut F. Inﬂuence of cerebral and muscle oxygenation on repeated-sprint
ability. Eur J Appl Physiol 2010;109:989–99.
Balsom PD, Gaitanos GC, Ekblom B, et al. Reduced oxygen availability during high
intensity intermittent exercise impairs performance. Acta Physiol Scand
1994;152:279–85.
Bowtell JL, Cooke K, Turner R, et al. Acute physiological and performance responses
to repeated sprints in varying degrees of hypoxia. J Sci Med Sport 2013;13:00142–4.
Bangsbo J, Iaia FM, Krustrup P. The Yo-Yo intermittent recovery test: a useful tool
for evaluation of physical performance in intermittent sports. Sports Med
2008;38:37–51.
Casey DP, Joyner MJ. Compensatory vasodilatation during hypoxic exercise:
mechanisms responsible for matching oxygen supply to demand. J Physiol 2012;
590(Pt 24):6321–6.
Perrey S, Rupp T. Altitude-induced changes in muscle contractile properties. High Alt
Med Biol 2009;10:175–82.
Hogan MC, Richardson RS, Haseler LJ. Human muscle performance and PCr
hydrolysis with varied inspired oxygen fractions: a 31P-MRS study. J Appl Physiol
1999;86:1367–73.
Katayama K, Amann M, Pegelow DF, et al. Effect of arterial oxygenation on
quadriceps fatigability during isolated muscle exercise. Am J Physiol Regul Integr
Comp Physiol 2007;292:R1279–86.

8 of 8

85
86
87

88

89

90

91
92

Billaut F, Buchheit M. Repeated-sprint performance and vastus lateralis oxygenation:
effect of limited O2 availability. Scand J Med Sci Sports 2013;23:e185–93.
Laughlin MH, Armstrong RB. Muscular blood ﬂow distribution patterns as a
function of running speed in rats. Am J Physiol 1982;243:H296–306.
McDonough P, Behnke BJ, Padilla DJ, et al. Control of microvascular oxygen
pressures in rat muscles comprised of different ﬁbre types. J Physiol 2005;
563(Pt 3):903–13.
Cleland SM, Murias JM, Kowalchuk JM, et al. Effects of prior heavy-intensity
exercise on oxygen uptake and muscle deoxygenation kinetics of a subsequent
heavy-intensity cycling and knee-extension exercise. Appl Physiol Nutr Metab
2012;37:138–48.
Copp SW, Holdsworth CT, Ferguson SK, et al. Muscle ﬁbre-type dependence of
neuronal nitric oxide synthase-mediated vascular control in the rat during high
speed treadmill running. J Physiol 2013;591(Pt 11):2885–96.
Ferguson SK, Hirai DM, Copp SW, et al. Impact of dietary nitrate supplementation
via beetroot juice on exercising muscle vascular control in rats. J Physiol 2013;
591(Pt 2):547–57.
Calbet JAL, Lundby C. Air to muscle O2 delivery during exercise at altitude. High Alt
Med Biol 2009;10:123–34.
Hoff J, Helgerud J. Endurance and strength training for soccer players: physiological
considerations. Sports Med 2004;34:165–80.

Faiss R, et al. Br J Sports Med 2013;47:i45–i50. doi:10.1136/bjsports-2013-092741

Br J Sports Med: first published as 10.1136/bjsports-2013-092741 on 26 November 2013. Downloaded from http://bjsm.bmj.com/ on 23 January 2019 by guest. Protected by copyright.

Review

