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ABSTRACT ARTICLE HISTORY
Over the past decade, numerous studies have investigated an innovative “live low-train high” approach Received 25 June 2024
based on the repetition of short (<30 s) “all-out” sprints with incomplete recoveries in hypoxia; the so- Accepted 8 October 2024

called Repeated-Sprint training in Hypoxia (RSH). The aims of the present review are therefore threefold. KEYWORDS

First, this study summarizes the available evidence on putative additional performance enhancement Altitude training; hypoxia;
after RSH comparing to the same training in normoxia (RSN). Second, a critical analysis of underpinning team sports; repeated sprints
mechanisms discusses how advantages can be obtained through RSH for sea-level performance

enhancement. An enhanced microcirculatory vasodilation leading to improved muscle perfusion and/

or oxygenation and an increase in muscular phosphocreatine content may help explain the superiority of

RSH vs. RSN. Third, the present review aims to provide guidelines for coaches, athletes and scientists to

apply RSH interventions with regard to the interval duration, exercise-to-rest ratio and training volume. In

conclusion, this review supports repeated-sprint training in hypoxia as an efficient (but not magic)

training intervention with 77% of the controlled studies reporting an additional benefit with added

hypoxia, mainly for team-, combat- and racket-sports athletes but also for all other sports (e.g. endurance)

that require repeated accelerations with lesser fatigue.

Summary box

® This review critically analyzes the results of the studies involving repeated-sprint training in hypoxia
(RSH) since 2013.

® 10years ago, RSH was proposed as a promising training strategy shown to delay muscle and
metabolic fatigue, particularly during repeated-sprint exercises with incomplete recoveries.

® In the past decade, RSH has gained great popularity among athletes, coaches and scientists as an
effective training reproduced in various sports with a large majority of studies reporting beneficial
outcomes.

® RSH may improve performance in a fibre-type-selective and intensity-dependent manner, with
mechanisms presumably different than those associated with other (less intense) hypoxic training
methods.

1. Introduction submaximal intervals where hypoxia supposedly augments
the physical strain during exercise bouts (Huang et al., 2023).
Interestingly, IHT was investigated thoroughly in the past
three decades with many unfulfilled promises (Levine, 2002;
Roels et al., 2005) related to skeletal muscle tissue adaptations
arising through the oxygen-sensing pathway (i.e. capillary-to-
fibre ratio, fibre cross-section area, myoglobin content and
oxidative enzyme activity such as citrate synthase) that suppo-
sedly would only occur in hypoxic conditions. Most of these
expected muscle tissue adaptations are negligible for resting
mainly on peripheral adaptations was thoroughly investigated exposure to hypoxia (Lundby et al, 2009) and require high-

as an efficient sport-specific training strategy including hypoxia intensity exercise (Hoppeler & Vogt, 2001; Vogt et al., 2001; Zoll
since the first interventional study was published in 2013 (Faiss, ot al,, 2006).

Léger, et al, 2013). Conceptually, RSH is defined as the repeti- Nevertheless, when adding hypoxia during interval/inter-
tion of several short (<30 s) “all-out” exercise bouts in hypoxia  mittent training, additional performance benefits after inter-
interspersed with incomplete recoveries (exercise-to-rest ratio  yention were initially reported only in approximately 50% of
<1:6). The application of maximal-intensity bouts in hypoxia the studies (Millet et al., 2010); a proportion recently confirmed
(i.e., “all-out” sprints) contrasts with more traditional intermit- jn 3 systematic review of “Live Low-Train High” (LLTH) studies
tent hypoxic training (IHT) regimens encompassing longer  (Seitz et al., 2020). After two decades of research on IHT, one

Towards achieving sea-level peak performance, for long, endur-
ance athletes and coaches have felt compelled to include an
additional hypoxic stimulus in their training regimen expecting
further gains through physiological adaptations mainly
through haematological adaptations (e.g., increase in haemo-
globin mass), improved oxygen delivery, or peripheral adapta-
tions at the muscle level. In the past decade, an innovative
method (Repeated-Sprint training in Hypoxia, RSH) based
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may assume that “IHT does not increase exercise performance at
sea level in endurance athletes any more than simply training at
sea level” (Lundby et al., 2012). Eventually, performance gains
after LLTH interventions seemed to be dependent on the inten-
sity of the exercise intervals in hypoxia (Faiss, Girard, et al.,
2013). In other words, the harder the intervals when training
in hypoxia, the larger the performance gains possibly asso-
ciated with the additional hypoxic stress.

To further this reasoning, RSH was conceived with
a maximal-intensity training stimulus (i.e., “all-out” sprints)
allowing to maintain a high fast-twitch (FT) fibre recruitment.
When prior studies with high intensity training or repeated-
sprint intervals were considered (Bishop et al.,, 2011; Laursen &
Jenkins, 2002), adding a hypoxic stimulus to a repeated-sprint
regimen was thought as an attractive strategy to enhance the
repeated-sprint ability in team sports. RSH is particularly inter-
esting since single sprint performance of short duration (<10 s)
is generally preserved under hypoxic conditions (up to
a simulated altitude of 5000 m, beyond 3000 m), whereas fati-
gue resistance during repeated-sprint ability (RSA) tests is
reduced with earlier and larger decrements in mechanical
work (Balsom et al., 1994; Brocherie et al., 2023; Girard et al.,
2017; Smith & Billaut, 2010). The combination of maximal-
intensity exercise bouts interspersed with incomplete recov-
eries through RSH was therefore hypothesized to overcome
some inherent limitations of submaximal exercise intensities
where hypoxia induces hypoxaemia and a lower oxygen deliv-
ery that limits work capacity during IHT intervals (Levine, 2002).

RSH was consequently reported to delay muscle fatigue
during a repeated sprint test to exhaustion in the first study
testing the latter hypothesis (Faiss, Léger, et al., 2013). In that
seminal study with a robust sample size (n=50), the power
output during 10-s sprints (by 6-7%) and a 30-s Wingate test
(by 3-5%) were similarly improved after 4 weeks of RSH (at
a simulated altitude of 3000 m, F,0, = 14.5%) when compared
to the same training in normoxia (repeated-sprint training in
normoxia, RSN) (at 485 m, F,O, = 20.9%).

Several previous studies (Balsom et al., 1994; Brosnan et al.,
2000; Smith & Billaut, 2010) on the acute responses of high-
intensity intermittent exercise in hypoxia were available prior
to 2013 and showed that both the sprint duration and the
exercise-to-rest ratio were important for both the cerebral
and muscle acute deoxygenation. However, the study by
Hoppeler et al. first pointed out that high-intensity exercise in
hypoxia led to specific muscle tissue adaptation (i.e., larger
mitochondrial volume or capillary densities) not observed
either in normoxia or at lower-intensity (Hoppeler & Vogt,
2001). This interventional study was not based on sprint exer-
cises and the so-called high-intensity was quite modest (lactate
4-5mmol.l™), but it opened the way for a field-based investi-
gation performed in 2008 by Prof. Millet — but published only in
2015 (Brocherie, Girard, et al., 2015) — with young Qatari foot-
ball players, where RSA was further improved after 10 sessions
of RSH than RSN.

RSH was hence shown to improve single sprint power out-
put after training 10-s sprints interspersed with 20-s recoveries
with the ability to perform more sprints after RSH but not after
RSN (Faiss, Léger, et al.,, 2013). Interestingly, performance gains
were supported by insightful explanatory mechanisms

supported by mRNA regulation of genes involved in the glyco-
lytic pathway at the muscle level, and muscle oxygenation data
indicating larger oxygen de-/re-oxygenation and perfusion
inducing an improved behaviour of FT fibres. It was suggested
that RSH would stimulate positive adaptations in terms of
muscle phosphocreatine [PCr] resynthesis and oxygen utiliza-
tion at the muscle level (Faiss, Girard, et al., 2013) because of
the challenge on the functional reserve in muscle oxygen-
diffusing capacity likely utilized in hypoxia (Calbet & Lundby,
2009) and confirmed in a recent study (Kasai et al.,, 2017). In
parallel, the oxygen demand at the muscular level for a given
intensity is partly fulfilled during exercise in hypoxia by com-
pensatory vasodilatation mechanisms that were shown to be
intensity-dependent in increasing local blood flow (Casey &
Joyner, 2012).

A fertile ground was set to further investigate benefits of
RSH across different disciplines from endurance athletes to
team, combat or racket sports with a large interest for such
hypoxic training reflected by the growing number of cross-
sectional or interventional studies and reviews on RSH since
2013 (Figure 1).

Beyond shortcomings in theories and methodologies of the
various altitude training strategies, the aim of this narrative
review is therefore to provide evidence-based best practices
from state-of-the-art knowledge on RSH for athletes, coaches
and sports medicine professionals.

2. Methods - selection of relevant scientific
publications on RSH for a narrative review

Peer-reviewed scientific publications in English language on
RSH were identified by searching “repeated-sprint training in
hypoxia” in the most relevant electronic databases (i.e.,
PubMed® and Web of Science™). Editorial articles, comments,
letters to the editor and conference proceedings were
excluded. This allowed to cross-reference, in electronically
available journals, 109 publications related to repeated-sprint
exercises where an additional systemic hypoxic stimulus was
included between the first publication specifically on RSH in
February 2013 (Faiss, Léger, et al., 2013) and the last to date in
May 2024 (Lanfranchi et al., 2024). Focus was primarily set on
studies including systemic hypoxia, therefore excluding studies
relying only on local hypoxia at the muscle level (e.g., vascular
occlusion induced by blood flow restriction or ischaemic pre-
conditioning) or those that involve inducing intermittent
hypoxaemia through apnoeas or voluntary changes in the
ventilatory pattern (e.g., hypoventilation at low lung volume,
VHL). The studies reviewed here were then categorized as
training interventions (n=52), cross-sectional studies (i.e.,
investigating hypoxia and repeated sprints acutely at a single
time point) (n =49) or reviews (n=8). Selection criteria were
then refined among the training intervention studies to include
only (single- or double-blinded) studies comparing a RSH inter-
vention with either a comparable group training in normoxia
(i.e., vs. RSN) or a cross-over design. The training interventions
included were limited to RSH as defined earlier (i.e,, <30
s sprints with an exercise-to-rest ratio of <1:6). In addition,
a measure of physical performance (e.g., repeated-sprint ability,
peak oxygen consumption (VO, peak) or average/peak power



m studies on acute effects

120

100

80

60

Number of studies

40

20

2013 2014 2015

2016

2017

= training interventions

2018
Years

JOURNAL OF SPORTS SCIENCES (&) 3

w review articles

2019 2020 2021 2022 2023

Figure 1. Indexed scientific publications on repeated-sprint training in hypoxia (RSH) from 2013 to 2023 identified by searching “repeated-sprint training in hypoxia” in

the PubMed® and Web of Science™ databases.

output during (single or repeated) sprints) was required.
Among the large number of studies where RSH was investi-
gated as a training intervention, 22 studies fulfilled the latter
criteria for inclusion in this review (Table 1). Search of the
literature, identification, review of the relevant studies and
quality assessment were conducted independently by all co-
authors before data extraction by the first author.

Due to the multiple sporting disciplines investigated result-
ing in multiple exercise training protocols or intervals, it was
decided to prefer a narrative review format allowing to con-
catenate existing findings from systematic reviews, meta-
analyses, and cross-sectional studies. We herewith acknowl-
edge that any putative performance gains associated specifi-
cally with RSH may at first only be evaluated with a systematic
review of studies with robust designs (i.e., blinded and well-
controlled). Second, a narrative approach may additionally
allow incorporating perspectives from case reports or studies
including elite athletes with useful practical expertise on the
implementation of RSH despite the possible lack of a control
group. Finally, studies on acute response to single RSH sessions
may allow better outline underpinning mechanisms of perfor-
mance alterations reported initially.

3. Evidence on performance gains after RSH from
systematic reviews and meta-analyses

RSH has attracted a large number of investigations (Figure 1)
with 77% of the controlled studies reporting an additional
benefit of hypoxia (Table 1) and no study reporting any

mechanism  affecting performance negatively. This
contrasts with the 28% of studies reporting negative mechan-
isms after prolonged hypoxic exposures (i.e., “live high-train
high” or “live high-train low”") studies (Millet et al., 2010).

After being suggested as a promising method to improve
hypoxic training outcomes in team sports (Faiss, Girard, et al.,
2013), RSH was first mentioned in a systematic review in 2014
despite evidence being reported from only three studies at the
time (McLean et al, 2014). The latter review concluded that
“improvements are more likely following high-intensity short-term
and intermittent training” like RSH. This confirms the mechan-
isms proposed initially with the importance of maximal efforts
with added hypoxia to trigger systemic performance response
(Faiss, Girard, et al., 2013; Faiss, Léger, et al., 2013).

Performance improvements following RSH were conse-
quently reviewed in a first meta-analysis of nine studies report-
ing that RSH is more effective than RSN to significantly improve
the mean repeated-sprint performance (+2%) (Brocherie et al.,
2017). This analysis underlined the fact that additional perfor-
mance gains are not tremendous but may represent
a significant benefit in world class athletes (McKay et al.,
2022) especially considering that most RSH studies have
included cohorts of elite athletes. In other words, RSH may
provide practical benefits in “real word” elite sport.

A review including several types of LLTH interventions con-
firmed RSH as a potent and well-tolerated training model with
underlying mechanisms requiring further research (Millet et al.,
2019). A more recent systematic review on the performance
outcomes after RSH summarized findings from 13 well-
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controlled (and blinded) studies in addition to one repeated-
sprint study where local hypoxia was induced by VHL
(Zelenovic et al.,, 2021). That review confirms that additional
benefits from RSH are consistent across studies for repeated-
sprint ability performances (i.e., peak and mean power during
RSA), but the mechanisms of supporting performance gains
were not proposed.

Lately, various LLTH strategies were reviewed in a network
meta-analysis comparing different modalities and confirmed
that RSH can effectively improve performance with importance
set for sufficient duration and work intensity (Feng & Jin, 2016).
To date, reviews outlined systematically the need to better
investigate mechanistic responses to RSH in order to better
delineate which physiological adaptations are paramount
when implementing RSH according to the participants’ profiles
(from untrained to elite athletes). The present review is hence
timely to provide the most recent update on concurrent knowl-
edge, allowing to provide best practice approaches for RSH.
Study designs and significant performance outcomes are sum-
marized in Table 1.

3.1. Studies with no reported additional benefit from RSH
vs. RSN

As a starting point, 17 of the 22 well-controlled studies reported
additional performance improvement when hypoxia was
added to a repeated-sprints training regimen.

In other words, only four studies did not find an additional
benefit on performance after RSH vs. RSN. This may first be
due to the type of performance assessed or the timing/fre-
quency of the tests before and after the training intervention.
For instance, similar improvements after RSH vs. RSN were
found after eight training sessions in 12 days in improving the
endurance capacity (Yo-Yo intermittent recovery level 1 test)
and reducing the fatigue during a RSA test in young football
players (Gatterer et al., 2015). Such a short-time intervention
may not have allowed to induce specific peripheral adapta-
tions due to a very high training load eliciting fatigue, in
particular, in young players, as suggested in a case-report of
a young tennis player (Brechbuhl, Brocherie, et al., 2018).
Interestingly, the same research group found additional ben-
efits of RSH over RSN with a reduced slope of fatigue with the
same training load but over 5weeks (Gatterer et al., 2014).
Furthermore, the peak and mean power output during RSA
was largely improved (+5-14%) after 15 sessions of sprinting
on a cycle ergometer in highly trained team-sport athletes,
while no gains were observed during a treadmill RSA test
(Goods et al., 2015). The lack of additional benefit of adding
hypoxia in that context may be due either to the addition of
the repeated-sprint training as a “top-up” while maintaining
an already intense team-sport training regimen or to the lack
of training specificity, i.e, on a cycle ergometer for athletes
requiring running-based abilities.

Finally, in a study including 4 weeks of repeated-sprint train-
ing (12 sessions, 3 sets of 5 x 10-s sprints interspersed with 20 s of
recovery) in a cross-over design (6 weeks “wash-out” between
either RSN or RSH), the peak and mean power output were
improved similarly (+7-12%) during a RSA test with no additional
benefit in the hypoxic training group (Montero & Lundby, 2017).

Performance was assessed with 12 sets of repeated sprints tests
in various conditions (e.g., in normoxia or hypoxia and with or
without prior exhausting exercises) over only 3 days, which may
have induced persistent fatigue for the RSA efforts, hence blunt-
ing any difference between conditions.

No performance change was also observed in a single sprint
after four RSH sessions at 5000 m in female world-class rugby
players (Brocherie et al., 2023). The lack of improvement may in
that case be due to the very high simulated altitude (blunting
adaptations following a very short-term training phase with
a concomitant lack of specific RSA measurement). This is in
accordance with the negative effect of a strong hypoxic stress
found in swimmers performing repeated sprint training at
a simulated altitude of >4000 m (Camacho-Cardenosa et al.,
2020). The latter study was notably not included in the review
due to the lack of an adequate blinding for the hypoxic
condition.

In one of the latest studies to date, RSA performance was
improved after repeated sprint-training (peak and mean power
output) with larger gains on average for RSH vs. RSN while
statistical significance was not met (p = 0.05) for the differences
between groups (Birol et al., 2024).

In all the above-cited studies, RSN and RSH were however
systematically favourable in enhancing exercise performance
(e.g., for repeated-sprint ability). Despite no differences when
hypoxia was added, adaptations in the training process (i.e.,
quality and organization of the exercises (i.e., repeated sprints))
definitely require to be considered in the context of an ecolo-
gical and well-thought implementation to result in perfor-
mance improvements (Impellizzeri et al., 2005). Furthermore,
an important point is that none of the studies reported lesser
gains after RSH compared to RSN, nor negative mechanisms
when hypoxia was added to a repeated-sprint training
regimen.

3.2. Studies with additional benefits from RSH vs. RSN

The pioneer RSH-based study included 4 weeks of training
encompassing 120 repeated sprints of 10 s interspersed with
20 s of active recovery in eight training sessions at 3000 m
(Faiss, Léger, et al., 2013). The sprint duration was set with the
hypothesis that the addition of a hypoxic challenge would
induce transcriptional adaptations in the skeletal muscle
through a hypoxia inducible-factor (HIF-1a) upregulation (Zoll
etal., 2006). At the time, IHT was linked to muscular adaptations
through mitochondrial density, capillary-to-fibre ratio, and fibre
cross-sectional area as well as mitochondrial metabolism, oxi-
dative stress defence, and pH regulation (Dufour et al., 2006;
Hoppeler & Vogt, 2001). However, one may question the func-
tional significance of these physiological adaptations (e.g., lar-
ger increase in citrate synthase activity after hypoxic training)
since the effects of IHT on endurance performance measured in
normoxia are “minimal and inconclusive in trained athletes”
(Lundby et al., 2012). Nevertheless, the amplitude of the posi-
tive peripheral adaptations was suggested to be intensity-
dependent (Hoppeler & Vogt, 2001). Designing a training inter-
vention in hypoxia with maximal intensity bouts, like repeated
sprints, proposed an evident rationale for team-sport athletes if
such training elicits improved RSA or decreases fatigue in



crucial situations (e.g., to avoid decreased technical and tactical
behaviour and wrong cognitive choices) (Garvican et al., 2013;
Mohr et al., 2005).

Delayed fatigue (i.e, more sprints repeated before exhaus-
tion) initially represented a major benefit from RSH vs. RSN in
addition to other performance factors (e.g., peak or mean power
output during sprints) often being similarly improved regardless
of the presence of an additional hypoxic challenge (Table 1).

In an early RSH study in trained rugby players (Galvin et al.,
2013), RSH elicited a two-fold greater improvement in the Yo-
Yo intermittent recovery level 1 test as an indicator of the
individual’s ability to repeatedly perform intense exercises
(Bangsbo et al., 2008). An “ameliorated cerebral deoxygenation
after hypoxic training” was suggested to allow “maintained
central drive” to explain the improved work capacity after RSH
(Galvin et al., 2013). Additional benefits on the cerebral function
(e.g., improved cerebral oxygenation) in addition to tennis-
specific performance gains were also reported in male and
female tennis players in two RSH studies due to lesser technical
alteration (stroke accuracy) under fatigue (Brechbuhl et al.,
2020; Brechbuhl, Brocherie, et al., 2018). Similar improvements
were recently reproduced in male team-sport players after 2 or
5 weeks of RSH (Shi et al., 2023). Yo-Yo intermittent recovery
level 1 test gains were similar after RSH or RSN (+27-30%
distance) in young football players training “all-out” shuttle
runs in a hypoxic chamber for 5 weeks, while the fatigue
slope during a fixed-number RSA test was clearly lowered
(—16%) only after RSH and not RSN (Gatterer et al., 2014). In
parallel, a Japanese group investigated RSH thoroughly with
three consecutive studies in female team-sport athletes with
eight sessions over 4 weeks (Kasai et al., 2015) and in male
sprint runners tested after either 10 sessions over 5 days or six
sessions over 6 days (Kasai et al., 2017, 2019). Despite the very
short training intervention, RSH was systematically superior to
RSN in improving the sprint running time and average and
peak sprint power outputs.

Potential flaws linked to ineffective blinding of the hypoxic
vs. normoxic conditions were then ruled out in two double-
blinded studies including either highly trained cross-country
skiers (Faiss et al, 2015) or male football players (Brocherie,
Girard, et al., 2015) where RSA was improved more after RSH
(+54% more sprints before task failure in the cross-country
skiers and 2-fold improvement in the cumulated RSA time for
the football players).

Lesser fatigue during the RSA test was also found in well-
trained rugby players after six RSH sessions over 3 weeks
(Hamlin et al.,, 2017).

In 2019, 8 RSH sessions in recreationally active males were
shown to improve more total work and the final sprint power
during a RSA test than after RSN in a study combined with B-
alanine supplementation (Wang et al., 2019). The latter study
outlined large gains in power output in participants less trained
to sprinting, yet with additional gains when training was done
in hypoxia vs. normoxia.

Performance benefits were also reported in professional
rugby players (larger increase in RSA power output) (Beard,
Ashby, Chambers, et al., 2019), indicating that performance
gains may not be related to an initial (low) performance level
of the participants.
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More recently, RSH was also reported as a potent strategy to
improve performance also when implemented in young seden-
tary females (Kong et al., 2022) or less trained males and
females (Piperi et al., 2024). In the latter study, no differences
were reported between sexes.

Finally, the last RSH study to date found 3% larger gains in
power output during a 30-s Wingate test after RSH vs. RSN
together with a 27% lesser decrement of the power output
during a RSA test in physically active males (Lanfranchi et al,,
2024).

4, Mechanisms underlying positive responses to RSH

Overall, supplementary benefits of adding a hypoxic stimulus
when performing repeated-sprint training are consistent in the
existing body of literature. It is however paramount to outline
some underpinning mechanisms that may support such posi-
tive systemic performance adaptations despite most of the
studies applying a descriptive design where mostly only per-
formance is assessed.

Of importance is that the effectiveness of RSH may depend
on many factors (see Chapter 5: specificity of the training
stimuli; sprint duration and exercise-to-rest ratio; severity of
the hypoxic stimuli) but does not rely on the “hypoxic dose”
(i.e., the combination of the exposure duration and the hypoxia
severity) (Wilber et al., 2007). Even short exposure to hypoxia
may induce the expected vascular and muscle molecular adap-
tations. It is an important point to understand and
a fundamental difference to the LHTH or LHTL methods
(Garvican-Lewis et al., 2016; Wehrlin et al., 2016)

Existing and purported mechanisms of peripheral adapta-
tions at the muscle level to support improved RSA performance
after RSH are illustrated in Figure 2.

4.1. Fiber-type specific responses and
intensity-dependent vasodilatory compensation in
hypoxia

By definition, RSH requires the production of repeated max-
imal-intensity exercises interspersed with incomplete recovery
periods. During sprinting, glycolytic FT muscle fibres are pre-
ferentially recruited with an intensity-dependent increase
(Laughlin & Armstrong, 1982), in contrast to lower intensity
(prolonged) intervals where both oxidative slow (ST) and FT
muscle fibres are recruited.

Then, a higher blood perfusion may positively affect more
FT than ST fibres because FT fibres have a greater fractional
oxygen extraction if highly perfused (McDonough et al.,
2005). When oxygen availability is limited but the blood
flow increased (e.g., when sprinting in hypoxia), FT fibres
exhibit an enhanced micro-vascular oxygen delivery to the
muscle (Cleland et al., 2012). It was speculated that “the
improved responsiveness of the vascular bed and the improved
blood perfusion through vasodilatation mechanisms (Casey &
Joyner, 2012) could be paramount in RSH”" (Faiss, Girard, et al.,
2013). Such intensity-dependent compensatory vasodilation
during exercise in hypoxia is mediated through a nitric oxide
(NO) pathway. The combination of hypoxia and high shear
stress due to increased intensity-dependant blood flow and
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Figure 2. Identified and proposed physiological mechanisms for performance enhancement after RSH.

of the hypoxia has synergistic effects on the endothelial
responses, leading to improved capacity in both vascular
vasoconstriction and vasodilation, as shown in rodents
(Lavier et al., 2021).

Moreover, peripheral vascular effects of nNOS-derived NO
were reported during high-speed treadmill with an inten-
sity-dependent mechanism (i.e., no effect at slower speeds)
(Copp et al., 2013). Furthermore, when NO bioavailability
was increased through nitrate supplementation, blood flow
was also enhanced in a fibre-type dependent manner with
vascular control and blood flow augmented primarily in FT
(but not ST) muscle fibres (Copp et al., 2013) and lower
micro-vascular oxygen pressure in contracting FT muscle
fibres (Ferguson et al., 2013; McDonough et al., 2005).
However, the latter studies were conducted in rodents.
Nevertheless, in moderately trained males, a shift in muscle
fibre type (towards more FT (type lla) fibres) was outlined
after sprint-interval training in the group who had received
a nitrate supplementation only (De Smet et al., 2016).
Nitrate therefore seems to exert its action in FT muscle
fibres by increasing blood flow when considering supple-
mentation studies in rodents (Herndndez et al., 2012) and
humans (Coggan et al.,, 2015). Similarly, there is evidence
that muscle oxygenation is improved after nitrate supple-
mentation with an enhanced exercise tolerance only at high
but not low pedalling rates in healthy males (Bailey et al.,
2015). Furthermore, a limited oxygen supply was reported
to “affect cellular metabolism while the respiratory rate
remained relatively unchanged due to compensatory changes”
linked in turn to lesser muscle fibre fatigue (Wilson et al.,

1977). A NO-dependent compensatory vasodilation occur-
ring during RSH would hence represent an elegant explana-
tion for the improved oxygen extraction and restoration of
oxygen levels observed repeatedly in RSH studies (Faiss
et al.,, 2015; Faiss, Girard, et al., 2013; Gatterer et al., 2018;
Montero & Lundby, 2017). The increased muscle perfusion
represents a direct indication of an enhanced muscle blood
flow that “may be beneficial (and necessary) in removing
metabolic waste products following exercise” (Endo et al.,
2005) (Figure 2).

Interestingly, even if — as explained above - nitrate supple-
mentation and hypoxia exposure may have similar microvas-
cular vasodilatory effects, the combination of these two factors
does not induce a larger performance improvement in trained
athletes (Sousa et al., 2021, 2022)

4.2. Improved phosphocreatine resynthesis

Besides, the elevated micro-vascular PO, related to RSH may in
turn allow reducing [PCr] breakdown (Haseler et al., 1999) and
potentially speeding up [PCr] recovery kinetics. Faster reoxy-
genation rates (as illustrated by high amplitude in muscle
oxygenation shifts during recoveries between sprints) may
help a faster phosphocreatine ([PCr]) resynthesis (McMahon &
Jenkins, 2002) and therefore delay muscle fatigue throughout
a repeated-sprint exercise.

This hypothesis was investigated with measurements of
muscle glycogen and PCr contents were evaluated by carbon
magnetic resonance spectroscopy ('>C-MRS) and phosphorus
magnetic resonance spectroscopy (31P-MRS), respectively,
before and after RSH in both male and female athletes (Kasai



et al.,, 2017, 2019). After only 5 days of repeated-sprint training,
muscle glycogen and PCr contents were significantly augmen-
ted (Kasai et al., 2017). Hypoxia per se had previously been
reported to modulate [PCr] resynthesis during exercise (faster
[PCr] recovery during a single-leg high-intensity exercise only in
hypoxia) (Holliss et al., 2013). Furthermore, intramuscular PCr
content was increased specifically after RSH by 21% to support
a high power output production in sprint-runners (Kasai et al.,
2019). Overall, a faster PCr resynthesis resulting from RSH
would manifest as a better maintenance of power production
(better recovery between efforts) during intermittent, high-
intensity exercises (Endo et al., 2005).

Nevertheless, large shifts in [PCr] can be expected during
repeated sprints with a concomitant evident impact on H*
production (and hence pH). The muscle energy supply (e.g.,
[PCr] resynthesis) however seems to be the principal effector in
power output maintenance during repeated sprints rather than
the control of muscle pH (Mendez-Villanueva et al., 2012).

4.3. Transcription factors supporting adaptations
towards an improved glycolytic activity

The upregulation of genes (from the messenger RNA (mRNA))
involved in pH regulation was however also reported after RSH
(Faiss, Girard, et al., 2013) and sprint-interval training in hypoxia
(Puype et al., 2013), leading towards an improved muscle buffer
capacity.

mRNA may act as the translator in the protein synthesis
machinery in response to a given training stimulus. To avoid
flawed analyses, any upregulation of mRNA targets needs to be
interpreted carefully. Nevertheless, hypoxia-inducible factors
(namely, HIF1-a) are known to be upregulated in response to
exercise in hypoxia (Faiss, Léger, et al., 2013; Zoll et al., 2006)
and, in particular, in the regulation of genes involved in glyco-
lysis and pH regulation (De Smet et al., 2016). For instance,
MRNA expressions for monocarboxylate transporters 1 and 4
(MCT-1 and MCT-4) were inversely regulated after RSH vs. RSN
(Faiss, Léger, et al.,, 2013), suggesting a different adaptive
response in the working muscle when repeating sprints in
hypoxia. For instance, MCT-4 increased by 20% only after RSH,
whereas MCT-1 was decreased after RSH (—36%) but increased
after RSN (+26%). During heavy exercise, lactate is transported
across the plasma membrane by monocarboxylate transporters
where MCT-4 (predominantly expressed in FT anaerobic fibres)
has a higher capacity to transport lactate for the extrusion of
lactic acid out of the muscle cell (Kobayashi, 2004). Conversely,
MCT-1 has a lesser transport capacity (despite higher affinity) of
lactate into the skeletal muscle from the circulation. More
interestingly, MCT-4 was reported to maintain the functional
motor unit by facilitating the lactate efflux, whereas action
potential conduction was impaired when downregulated in
mice (Bisetto et al., 2019).

Furthermore, hypoxia per se alters MCT-4 (but not MCT-1),
which was upregulated through a HIF-1a-dependent pathway
(Ullah et al., 2006).

Overall, an increase in MCT-4 may allow to delay fatigue
after RSH by maintaining the exercise capacity because its
upregulation combines hypoxia and intense exercise. If MCT-4
expression is not improved after RSN, it may conversely explain
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a disruption in the lactate shuttle, leading to earlier muscle
fibres’ fatigue during RSA (Ullah et al., 2006). Fatigue resistance
in FT muscle fibres may also be positively influenced by an
increase in carbonic anhydrase Ill (CA3) (Feng & Jin, 2016)
observed only after RSH (Faiss, Léger, et al., 2013).

By extension, RSH likely positively impacts glycolytic perfor-
mance and skeletal muscle adaptations that could arguably
contribute to the improved RSA performance observed in nor-
moxia after RSH (Faiss, Léger, et al., 2013). Finally, adaptive
responses specific to RSH were recently highlighted at the
muscle level (namely, an S100A/Akt pathway) to mediate
downstream targets regulating protein synthesis for skeletal
muscle adaptations (Lanfranchi et al., 2024). Specific adapta-
tions for genes and protein expression involved in mitochon-
drial biogenesis (e.g., peroxisome proliferator-activated
receptor coactivator 1Ta (PGC-1a) and angiogenesis (e.g., vas-
cular endothelial growth factor (VEGF)) in the presence of
a stabilization of HIF-1a were hence reported through exercise
alone (RSN) or in combination with hypoxia (RSH) (Lanfranchi
et al., 2024). Conversely, reduced oxidative phosphorylation
protein levels in response to RSN and RSH training were
observed. From the latter study, it is still unclear if RSH differ-
ently alters muscle glycolytic or oxidative adaptations as com-
pared to RSN while the involvement of the ST00A13/Akt
pathway in the increase in muscle mass and glycolytic fate in
response to RSH is suggested.

4.4. Minimal adaptations to improve aerobic capacity

Conversely, gains in the aerobic capacity seem less likely to
occur after RSH (Brocherie et al., 2017). For instance, in a rare
study assessing mitochondrial respiration of peripheral blood
mononuclear cells (high-resolution respirometry), RSH was
speculated to have a negative impact on mitochondrial func-
tion due to excess reactive oxygen species (ROS) production
(Gatterer et al., 2018), in accordance with the downregulation
of mRNA expression of genes implicated in mitochondrial bio-
genesis after RSH (Faiss, Léger, et al., 2013). In contrast, several
studies have however reported additional benefits after RSH for
high-intensity endurance capacity (i.e., Yo-Yo intermittent
recovery level 1 test) (Galvin et al., 2013; Gatterer et al., 2014,
2015; Hamlin et al., 2017; Shi et al., 2023), suggesting that RSH
may ad minima not exert a negative effect on the endurance
capacity while not being adequate for specifically improving it.

5. Additional perspectives on the implementation of
RSH in athletes

Overall, RSH may improve performance in a fibre-type selective
and intensity-dependent manner, with mechanisms presum-
ably different than those associated with other (less intense)
hypoxic training strategies.

Further studies are however requested to clarify if RSH may
be used as an effective pre-acclimatization strategy prior expo-
sure and/or competition at high altitude.

Nevertheless, both vascular and muscle molecular mechan-
isms seem to combine in a specific manner that is neither
observed in normoxia nor at low intensity.
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Despite contentious underpinning physiological mechan-
isms needing further research, RSH may definitely be imple-
mented safely, in lack of any reported negative mechanism
with 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
(Gray & Jenkins, 2010; Hills et al., 2024).

Besides, like any other training strategy, RSH “requires sport-
specific adjustment in length/duration of sprint and recovery
intervals, exercise:recovery ratio, and session
frequency”(Brocherie et al., 2017).

This was thoroughly investigated in several cross-sectional
studies reporting the acute effects of RSH with varying sprint
durations and exercise-to-rest ratios (Raberin, Elmer, et al.,
2023; Raberin, Willis, et al., 2023; Tong et al., 2021) or different
hypoxia severity levels (Goods et al., 2014; Gutknecht et al.,
2022; Warnier et al., 2020).

5.1. Sport-specific RSH

One may question the interest in rugby players to pedal on
a cycle ergometer or perform double-poling sprints at 3000 m
for performance improvements on the pitch. In contrast,
cycling sprints in heavy athletes may allow to avoid the heavy
mechanical strain at the musculo-skeletal level during running
acceleration, deceleration or changes of direction. In interna-
tional-level professional players, RSH “appears of practical rele-
vance since only a short preparation window is available prior to
international games, although the improvement from RSA to
game behaviour remains unclear” (Beard, Ashby, Chambers,
et al., 2019; Beard, Ashby, Kilgallon, et al., 2019). The practicality
of such short blocks (i.e., only few sessions) of RSH has been
emphasized by several experts in team sports (Brocherie, Millet,
et al, 2015) with valid transfer of cycling sprints for on-field
performance (Brocherie et al., 2023)

Similar results were reported after RSH on a cycle ergometer
with 19 rugby players, with reduced fatigue during RSA but also
gains during an intermittent aerobic test (Yo-Yo intermittent
recovery level 1) (Hamlin et al., 2017). Sprint runners also bene-
fited from cycling RSH to improve the explosive running power
(i.e., faster 0-10 m running time) (Kasai et al., 2019).

The extent to which a given form of RSH transfers into team-
sport or any other sport-specific performance certainly remains
to be elucidated. Nevertheless, the amplitude of performance
gains after RHS appeared to be largest when sport-specific (e.g.,
with double-poling for XC skiers or shuttle-runs for tennis
players) training (and testing) was possible (Brechbuhl et al.,
2020; Faiss et al., 2015). The training load associated with RSH
also needs to be considered since it may represent a very
intense (and unusual) strategy for some athletes. To that extent,
when RSH is added in addition to an existing training pro-
gramme (i.e., as “top-up” training sessions), overall effects
may be blunted due to cumulated fatigue (Hamlin et al., 2017).

5.2. Initial sporting level and sex for positive adaptations

There are numerous studies reporting benefits for a given train-
ing method when including initially untrained subjects.
Interestingly, benefits from RSH are reported indifferently

from sedentary (Kong et al., 2022) or untrained subjects
(Piperi et al., 2024) to professional athletes (Beard, Ashby,
Chambers, et al., 2019; Beard, Ashby, Kilgallon, et al., 2019;
Brechbuhl, Schmitt, et al., 2018; Brocherie et al., 2024;
Brocherie, Millet, et al., 2015).

Highly trained athletes may for instance have better physio-
logical capacities to potentiate muscular adaptive mechanisms
resulting from maximal efforts disrupting muscle metabolism
(Gatterer et al., 2018).

Beyond any particular physiological adaptations, RSH may
have initially represented a cutting-edge strategy unknown or
not implemented by competitors, thus providing some psycho-
logical advantage. RSH may definitely allow for an interesting
and novel training challenge in highly trained professional
athletes who seem to cope very well with the requirements of
repeated maximal efforts (Brechbuhl, Schmitt, et al., 2018; Faiss
& Rapillard, 2020).

Furthermore, positive outcomes were found independently
of the sex of the participants in several studies including female
athletes with no sex differences when both male and females
were included in the same study (Brechbuhl et al., 2020;
Brocherie et al., 2023; Kasai et al., 2015; Kong et al., 2022;
Piperi et al., 2024). In that context, repeated sprint ability and
the Yo-Yo intermittent recovery level 1 test were recently
shown not to be affected by the menstrual cycle in high-level
female football players (Tounsi et al., 2018). Taken together,
these results support the use of RSH independently of the sex
of the athletes, keeping in mind the need to individually assess
the response to the training load and hypoxic stimulus.

5.3. Optimal sprint duration and exercise-to-rest ratio
during RSH

Recent studies investigated the acute performance and psy-
chophysiological responses of repeated cycling sprints to
exhaustion with different sprint durations and different exer-
cise-to-rest ratios (1:6) between different effort durations and
inspired oxygen fractions (Raberin, Elmer, et al., 2023; Raberin,
Willis, et al., 2023). Sprint duration represented the primary
factor eliciting differences in performance and muscle oxyge-
nation. When considering the factors contributing to fatigue
during RSA, sprints lasting between 5 and 12 s seem adequate
to balance power maintenance and factors limiting perfor-
mance (Girard et al., 2011). During a given timeframe, shorter
sprints may then allow to produce a higher number of repeti-
tions with more frequent transitions between sprints and
recoveries triggering a related reoxygenation and PCR resynth-
esis. For example, sets of 6-s sprints interspersed with 14-s
recoveries were successfully implemented in a professional
cyclists, allowing to perform 150 sprints in only five training
sessions (Faiss & Rapillard 2020). Besides, “hypoxia did not
modify repeated-sprint exercise performance with a short exer-
cise-to-rest ratio” (Raberin, Willis, et al.,, 2023), while the out-
come was different with a higher ratio (1:2) (Raberin, Elmer,
et al., 2023). Conversely, some studies investigated sprint-
interval training (i.e., with 30 s sprints and 270 s recovery
phases, exercise-to-rest ratio = 1:9) with performance outcomes
differing largely from RSH studies (De Smet et al., 2017; Puype
et al., 2013). Positive mechanisms after RSH are likely suggested



in the studies presented in this review (Table 1) that all used
exercise-to-rest ratios varying from 1:1 to 1:7. A recent study
combining a prolonged hypoxic exposure with RSH reported
that higher exercise-to-rest ratios (i.e., 1:5 vs. 1:2) appeared to
be more effective for performance improvements (Bouten
et al,, 2023). From the latter mechanisms presented earlier,
the aims for RSH are hence twofold: first, to maintain maximal
power output during sprinting in hypoxia and, second, to
trigger adaptations due to incomplete recovery phases.
Conclusively and based on the above, the nature of the recov-
ery between repetitions and sets (e.g., passive rest or active
recovery) needs to be practically considered to repeatedly
allow for a maximal recruitment of fast twitch fibres during
sprints and for a rapid increase in muscle perfusion during
recoveries (Figure 2). Practical considerations on the type of
equipment used (cycle ergometer, motorized or non-motorized
treadmill, and double-poling ergometer) also need to be con-
sidered when designing session by the setup of an adequate
resistance and evaluating the time required to reach peak
power.

5.4. Optimal hypoxic stimulus - hypoxia severity level

Hypoxia per se is known to affect cerebral oxygenation and
may impair RSA (Smith & Billaut, 2010). A comprehensive
review concluded that “larger alterations in RSA (i.e., with
earlier and larger performance decrements) occur at altitudes
above ~3000 m or inspired fraction of oxygen < 14.4% than at
lower elevations” (Girard et al., 2017). When RSA performance
was compared across three different altitudes (i.e,, 2000 m,
3000 m, and 4000 m), the absolute training quality was
reported to be potentially blunted at the highest altitude
(Goods et al., 2014). In accordance, a study comparing RSH
with or without additional local blood flow restriction out-
lined a larger impairment when O, availability was too low
(Solsona et al., 2024). The absence of additional gain after
RSH at a simulated altitude of 5000 m (Brocherie et al., 2024)
definitely suggests that “higher may not necessarily be bet-
ter". It is therefore safe to conclude that a moderate simu-
lated altitude (~3000-4000 m) shall be employed, targeting
arterial O, desaturation levels between 70 and 85% as found
in the current RSH studies with positive outcomes.
Monitoring arterial O, saturation (i.e, SpO,) may represent
a useful yet simple tool to assess the magnitude of indivi-
dual responses to the hypoxic challenge (Soo et al., 2020),
allowing to determine an optimal altitude level (starting
from 1500 m) (Gutknecht et al, 2022). Hypoxic conditions
and exercise-to-rest ratios are nevertheless paramount
when designing an optimal RSH training intervention
(Millet & Faiss, 2012).

5.5. Technology and practical considerations for RSH
protocols

RSH requires a hypoxic environment allowing to reduce O,
convection towards the working muscle. There is therefore no
limitation in implementing RSH in hypobaric hypoxia (e.g.,
terrestrial altitude) beyond practical consideration on the logis-
tical and time constraints to reach an adequate altitude. Then,
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evidence exists for differences between hypobaric and normo-
baric hypoxia (NH) (Millet et al., 2013), while most of the studies
on RSH have been conducted (successfully) in NH (i.e., simu-
lated altitude). The use of hypoxic chambers allows several
athletes to train in hypoxia at the same time while maintaining
(or adjusting) a stable hypoxic environment. The use of masks
connected to smaller hypoxic generators (normally used for
hypoxic tents) is possible while a large buffer bag shall be
used with a three-way valve (to avoid CO, rebreathing) as
long as they can cope with the large amount of hypoxic air
required during sprinting blocks due to the high minute venti-
lation observed at maximal intensity in elite athletes. A large
arterial O, desaturation level can be used as an indicator of the
hypoxic stimulus.

Besides, arterial desaturation may also be induced by
specific breathing techniques (namely, voluntary hypoventi-
lation at low lung volume (VHL)). However, unlike RSH, VHL
also leads to hypercapnia and elevated blood bicarbonate
concentration possibly leading to other physiological adap-
tations (e.g., buffering capacity). Studies on VHL with
repeated sprints were therefore not included in the present
review, while the potential of VHL in conjunction with RSH
for performance improvement shall be of interest in future
research.

6. Conclusion

RSH was proposed 10 years ago as a promising training strat-
egy in intermittent sports to eventually positively influence
physical qualities for match-related performance. Delaying fati-
gue with an improved ability to repeat sprints therefore
represents a key component of team-sport performance char-
acterized by intense exercise bouts repeated throughout
a game. To date, there is more ample evidence for additional
benefits of RSH compared to RSN on subsequent RSA perfor-
mance. Some pertinent mechanisms (intensity-dependent
vasodilation in hypoxia and potential fibre-selective effects)
underpinning RSH-induced performance gains were suggested
but investigated only scarcely. Despite a lack of systematic
mechanistic evidence for improvements after RSH due to per-
ipheral adaptations at the muscle level, the mechanisms pro-
posed in this review support the efficiency of RSH to improve
systemic athletic performance. Since 2013, benefits linked to
RSH could be confirmed as likely fibre-type selective, with
positive adaptations probably dependent on specific micro-
vascular effects in FT fibres’ behaviour.

Controversial results with no added benefits for RSH vs. RSN
were reported in 5 out of 22 studies warranting further research
focusing on adequate hypoxic stimulus, optimal exercise-to-
rest ratio and pertinent periodization to confirm the true use-
fulness of RSH. None of the studies in this review however
reported either lesser gains after RSH compared to RSN or
negative mechanisms when hypoxia was added to a repeated-
sprint training regimen.

Overall, a growing body of evidence in the field supports the
efficacy of RSH when implemented in ecological sport-specific
situations with a high exercise-to-rest ratio at a moderate
(~3000 m) simulated (or real) altitude.
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