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Editorial on the Research Topic

High-Intensity Exercise in Hypoxia: Beneficial Aspects and Potential Drawbacks

RECENT DEVELOPMENTS IN HYPOXIC TRAINING

With the recent development of new altitude training methods (Millet et al., 2013; Girard et al.,
2017), the question of the specific central and peripheral adaptations to high-intensity exercise
in hypoxia is now crucial. This research topic investigated the beneficial aspects and potential
drawbacks of these methods and would undoubtedly be of interest for many exercise physiologists.
A total of 16 papers have been accepted, arising from 18 different research groups from 12 countries.
Four different main areas have been investigated:

1. High-intensity, continuous exercise in hypoxia.
2. Repeated sprint training in hypoxia.
3. Resistance training in hypoxia.
4. Therapeutic use of hypoxia.

HIGH-INTENSITY, CONTINUOUS EXERCISE IN HYPOXIA

Van Thienen et al. investigated the HIF-1 pathway (from vastus lateralis biopsies) in 11
monozygotic twin pairs who performed an experimental trial in both normoxia and hypoxia.
They tested the hypothesis that this pathway and its downstream targets in energy metabolism are
regulated in a genotype-dependent manner. A key observation was that hypoxic exercise-induced
increment of muscle HIF-1a mRNA content was about 10-fold more similar within monozygotic
twins than between the twins. Authors concluded that genetic factors play an important role in the
muscular responses to acute hypoxic stress at rest and during exercise and that the regulation of
HIF-1a stabilization in acute hypoxia is genotype-dependent.

Townsend et al. computed the critical power (CP) and the work above CP (W’) in male cyclists
performing time trials in normoxia and at five different altitudes from 250 to 4,250m. They
predicted performance during a high-intensity intermittent test performed in normoxia and in
normobaric hypoxia (simulated altitude: 2,250m). They reported a curvilinear decrease in CP
with increase in altitude severity as well as a significant decrease in W′ occurring only at 4,250m.
Practically, this study enables the prescription of equivalent relative intensity interval training
workouts in hypoxic conditions compared with normoxia.
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Black et al. explored whether there is a difference in the
percentage of VO2max achieved (during a 2-min exhaustive
run) in normoxia and hypoxia in 14 middle distance runners.
Compared to normoxia, VO2max was lower during a ramp
test and VO2 kinetics (greater time constant of the primary
phase) were slower in hypoxia. Whereas the runners were
unable to reach VO2max during the exhaustive constant work-
rate run lasting ∼2min in normoxia, they were able to
achieve the reduced VO2max in a hypoxia despite slower VO2
kinetics.

Torres-Peralta et al. investigated the contribution of central
and peripheral mechanisms during exercise to exhaustion in
normoxia and hypoxia. Following the exercise to exhaustion,
legs circulation was occluded during 10 or 60s for impeding
recovery and increasing the metaboreflex. The fact that
task failure was apparently not due to muscle peripheral
fatigue, but instead primarily resulted from reduction
in muscle activation, highlights the importance of central
mechanisms.

The same research group Torres-Peralta et al. investigated
the role played by different levels of inspired pressure in O2
(PIO2) onmuscle activation during exhaustive exercise. A unique
observation was that the increase in PIO2 at exhaustion reduced
fatigue and allowed exercise continuation. This study therefore
indicates that severe hypoxia induces larger central fatigue
(decrease in muscle activation).

REPEATED SPRINT TRAINING IN HYPOXIA

Decrease in convective factors, in turn leading to a reduced
training intensity (i.e., not sufficiently intense to stress
O2 delivery and maximized adaptations), is an inherent
characteristic of interval-training in hypoxia (IHT) compared
with normoxia. To overcome this limitation, the so-called
“repeated-sprint training in hypoxia” or RSH has been developed
as a new intervention in our laboratory in Lausanne (Faiss et al.,
2013a): with exercise intensity being maximal during RSH we
have postulated that this would allow a better recruitment of
fast-twitch muscle fibers (Faiss et al., 2013a,b). An up-regulation
of circulating microRNAs levels was observed only when exercise
was performed at high-intensity and high altitude (i.e., and not
at lower intensity) and therefore RSH training is based on the
repetition of short (<30 s) “all-out” sprints with incomplete
recoveries in hypoxia (Vogt et al., 2001; Faiss et al., 2013a).
Hence, a lower rate of O2 delivery to the muscles increases the
stress on glycolytic flux, which may stimulate the up-regulation
of this energy pathway. Compared with repeated-sprint training
in normoxia (RSN), RSH could induce beneficial adaptations
at the muscular level, along with improved blood perfusion,
which may lead to greater improvements in repeated-sprint
ability.

Superior repeated-sprint ability in normoxic conditions has
been associated with completion of RSH vs. RSN in cohorts of
rugby players (Galvin et al., 2013), well-trained cyclists (Faiss
et al., 2013b), cross-country skiers (Faiss et al., 2015), soccer
players (Gatterer et al., 2014; Brocherie et al., 2015a), field

hockey players (Brocherie et al., 2015b). The effectiveness of RSH
was confirmed by a recent meta-analysis based on 9 controlled
studies (all published in the past 4 years) showing larger mean
performance (Brocherie et al., 2017).

Blood lactate accumulation is higher at a simulated altitude of
4,000m when compared with more moderate simulated altitudes
during repeated treadmill sprints (Goods et al., 2014). In an
opinion letter, Scott et al. stated that RSH led to a greater
reliance on anaerobic metabolism. This increased metabolic
stress is likely to promote peripheral fatigue resistance induced
by RSH.

Using near-infrared spectroscopy it was previously reported
that prefrontal cortex, but not muscle, oxygenation is impaired
when ten, 10-s sprints (with 10 s of rest) are completed at
13 vs. 21% oxygen (Smith and Billaut, 2010). For the first
time, Willis et al. compared muscle and cerebral oxygenation
trends during a one-off RSH trial performed to exhaustion in
normoxia (400m) and at two different simulated altitudes (2,000
and 3,800m). There was a continual decrease in convective
factors of oxygen delivery (e.g., decreases in pulse oxygen
saturation and peak oxygen uptake) with increased hypoxia
severity, which was linked with impairment in performance
(number of sprints and total work) across conditions. Cerebral
deoxygenation demonstrated greater changes at 3,800m
compared with 400 and 2,000m, as well As well as larger
deoxygenation/reoxygenation levels during sprints/recoveries
near exhaustion. These results show that central autoregulation
(i.e., increase in cerebral perfusion near exhaustion) occurs
in order to continue exercise despite limited peripheral and
cerebral oxygen delivery, until a certain point of limited
diffusion at which protective mechanisms cause exercise
cessation.

Sweeting et al. reported that repeated-sprint and single-sprint
efforts are compromised at 3,000m simulated altitude, possibly
due to limited muscle O2 availability during recovery periods.
Whilst repeated-sprint and single-sprint efforts were maintained
at 2,000m, the elevated physiological demands at 3,000m may
have been overwhelming.

Girard et al. investigated the neuromuscular adjustments
following repeated treadmill sprints at simulated altitudes of
1,800 and 3,600m or in normoxia. Post-exercise decrease in
voluntary strength of knee extensors was greater at 3,800m
than at 1,800m and normoxia. However, the exercise-induced
alterations in rapid torque development were similar between the
three conditions.

De Smet et al. investigated if oral nitrate intake influenced
buffering capacity and fiber type distribution (vastus lateralis
biopsies) after 5 weeks of sprint interval training in hypoxia
or in normoxia. Altogether, sprint interval training in hypoxia
did not lead to enhanced aerobic or anaerobic endurance
exercise performance but oral nitrate supplementation increased
the proportion of type IIa muscle fibers. Richardson et al.
reported that the improvement in VO2peak and the inflammatory
responses (IL-6 and TNFa) were similar after 2 weeks
of repeated sprint performed in normoxia or in hypoxia.
However, improvement in anaerobic threshold was observed
only after RSH.
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Hamlin et al. reported the performance changes after six
sessions of RSH vs RSN in 19 well-trained male rugby players.
These authors confirmed the effectiveness of RSH since repeated
sprint performance was enhanced to a larger extent whereas the
aerobic performance did not change.

RESISTANCE TRAINING IN HYPOXIA

There is growing research interest focusing on the so-called
“resistance training in hypoxia” (RTH) (Scott et al., 2014). A
classical reasoning is that, in an O2-deprived environment,
the low partial pressure of O2 would increase metabolite (e.g.,
blood [La] and anabolic hormones [e.g., growth hormone])
accumulation, leading to an accelerated recruitment of higher
threshold motor units (Manimmanakorn et al., 2013) and
a subsequent higher hypertrophy with eventually greater
improvements in muscle strength (Scott et al., 2015).

Here, Inness et al. examined the effects of 20 sessions of heavy
resistance training performed either in hypoxia (RTH) or in
normoxia. RTH induced a larger enhancement in absolute and
relative strength as well as 1RM.

Paradis-Deschênes et al. investigated the effects of ischemic
preconditioning on knee extensions in strength-trained male
vs. female athletes. Males reported a greater peripheral
oxygen extraction and greater strength enhancement than
females.

That said, a recent meta-analysis (Ramos-Campo et al., 2017)
concluded that RTH did not provide significant benefit for
muscle size and strength over resistance training in normoxia.

This highlights the need for additional research on this
burgeoning area.

THERAPEUTIC USE OF HYPOXIA

Potential benefits of using hypoxia exposure therapeutically have
been recently suggested for elderly, obese or hypertensive patients
(Millet et al., 2016).

Here, Girard et al. postulated that hypoxic walking would be
beneficial in obese patients since it might lead to a decreased
walking speed and subsequently a lower biomechanical load.

Along the same lines, Pramsohler et al. assessed the physical
effort in geriatric patients (age > 65 years) for the same HR
response in normoxia or in hypoxia (simulated altitude: 3,000m).
The main benefits of the hypoxic sessions were a lower stress on
the locomotor systems for a similar physiological strain than in
normoxia.

CONCLUSION

As confirmed by this research topic, high-intensity exercise in
hypoxia is a growing area of interest. Ergogenic effect? Stamped!
Adaptive mechanisms? More investigation needed! Therapeutic
usefulness? The future!

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

REFERENCES

Brocherie, F., Girard, O., Faiss, R., and Millet, G. P. (2015a). High-intensity

intermittent training in hypoxia: a double-blinded, placebo-controlled field

study in youth football players. J. Strength Cond. Res. 29, 226–237.

doi: 10.1519/JSC.0000000000000590

Brocherie, F., Girard, O., Faiss, R., and Millet, G. P. (2017). Effects

of repeated-sprint training in hypoxia on sea-level performance: a

meta-analysis. Sports Med. 47, 1651–1660. doi: 10.1007/s40279-017-

0685-3

Brocherie, F., Millet, G. P., Hauser, A., Steiner, T., Rysman, J., Wehrlin,

J. P., et al. (2015b). “Live high-train low and high” hypoxic training

improves team-sport performance. Med. Sci. Sports Exerc. 47, 2140–2149.

doi: 10.1249/MSS.0000000000000630

Faiss, R., Girard, O., and Millet, G. P. (2013a). Advancing hypoxic

training in team sports: from intermittent hypoxic training to repeated

sprint training in hypoxia. Br. J. Sports Med. 47(Suppl. 1), i45–i50.

doi: 10.1136/bjsports-2013-092741

Faiss, R., Léger, B., Vesin, J. M., Fournier, P. E., Eggel, Y.,

Dériaz, O., et al. (2013b). Significant molecular and systemic

adaptations after repeated sprint training in hypoxia. PLoS ONE 8:e

56522. doi: 10.1371/journal.pone.0056522

Faiss, R., Willis, S., Born, D. P., Sperlich, B., Vesin, J. M., Holmberg,

H. C., et al. (2015). Repeated double-poling sprint training in hypoxia

by competitive cross-country skiers. Med. Sci. Sports Exerc. 47, 809–817.

doi: 10.1249/MSS.0000000000000464

Galvin, H. M., Cooke, K., Sumners, D. P., Mileva, K. N., and Bowtell, J. L. (2013).

Repeated sprint training in normobaric hypoxia. Br. J. Sports Med. 47(Suppl.

1), i74–i79. doi: 10.1136/bjsports-2013-092826

Gatterer, H., Philippe, M., Menz, V., Mosbach, F., Faulhaber, M., and Burtscher, M.

(2014). Shuttle-run sprint training in hypoxia for youth elite soccer players: a

pilot study. J. Sports Sci. Med. 13, 731–735.

Girard, O., Brocherie, F., and Millet, G. P. (2017). Effects of altitude/hypoxia on

single- and multiple-sprint performance: a comprehensive review. Sports Med.

47, 1931–1949. doi: 10.1007/s40279-017-0733-z

Goods, P. S., Dawson, B. T., Landers, G. J., Gore, C. J., and Peeling, P. (2014).

Effect of different simulated altitudes on repeat-sprint performance in team-

sport athletes. Int. J. Sports Physiol. Perform. 9, 857–862. doi: 10.1123/ijspp.

2013-0423

Manimmanakorn, A., Manimmanakorn, N., Taylor, R., Draper, N., Billaut,

F., Shearman, J. P., et al. (2013). Effects of resistance training combined

with vascular occlusion or hypoxia on neuromuscular function in

athletes. Eur. J. Appl. Physiol. 113, 1767–1774. doi: 10.1007/s00421-013-

2605-z

Millet, G. P., Debevec, T., Brocherie, F., Malatesta, D., and Girard, O. (2016).

Therapeutic use of exercising in hypoxia: promises and limitations. Front.

Physiol. 7:224. doi: 10.3389/fphys.2016.00224

Millet, G. P., Faiss, R., Brocherie, F., and Girard, O. (2013). Hypoxic training and

team sports: a challenge to traditional methods? Br. J. Sports Med. 47(Suppl. 1),

i6–i7. doi: 10.1136/bjsports-2013-092793

Ramos-Campo, D. J., Scott, B. R., Alcaraz, P. E., and Rubio-Arias, J. A. (2017).

The efficacy of resistance training in hypoxia to enhance strength and

muscle growth: a systematic review and meta-analysis. Eur. J. Sport Sci.

doi: 10.1080/17461391.2017.1388850. [Epub ahead of print].

Scott, B. R., Slattery, K. M., and Dascombe, B. J. (2015).

Intermittent hypoxic resistance training: is metabolic stress the key

moderator? Med. Hypotheses 84, 145–149. doi: 10.1016/j.mehy.2014.

12.001

Frontiers in Physiology | www.frontiersin.org 3 December 2017 | Volume 8 | Article 1017

https://doi.org/10.3389/fphys.2017.00024
https://doi.org/10.3389/fphys.2016.00502
https://doi.org/10.3389/fphys.2016.00674
https://doi.org/10.3389/fphys.2017.00073
https://doi.org/10.3389/fphys.2017.00514
https://doi.org/10.1519/JSC.0000000000000590
https://doi.org/10.1007/s40279-017-0685-3
https://doi.org/10.1249/MSS.0000000000000630
https://doi.org/10.1136/bjsports-2013-092741
https://doi.org/10.1371/journal.pone.0056522
https://doi.org/10.1249/MSS.0000000000000464
https://doi.org/10.1136/bjsports-2013-092826
https://doi.org/10.1007/s40279-017-0733-z
https://doi.org/10.1123/ijspp.2013-0423
https://doi.org/10.1007/s00421-013-2605-z
https://doi.org/10.3389/fphys.2016.00224
https://doi.org/10.1136/bjsports-2013-092793
https://doi.org/10.1080/17461391.2017.1388850
https://doi.org/10.1016/j.mehy.2014.12.001
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Millet and Girard High-Intensity Exercise in Hypoxia

Scott, B. R., Slattery, K. M., Sculley, D. V., and Dascombe, B. J. (2014).

Hypoxia and resistance exercise: a comparison of localized and

systemic methods. Sports Med. 44, 1037–1054. doi: 10.1007/s40279-014-

0177-7

Smith, K. J., and Billaut, F. (2010). Influence of cerebral and muscle

oxygenation on repeated-sprint ability. Eur. J. Appl. Physiol. 109, 989–999.

doi: 10.1007/s00421-010-1444-4

Vogt, M., Puntschart, A., Geiser, J., Zuleger, C., Billeter, R., and Hoppeler, H.

(2001). Molecular adaptations in human skeletal muscle to endurance training

under simulated hypoxic conditions. J. Appl. Physiol. 91, 173–182.

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Millet and Girard. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) or licensor are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 4 December 2017 | Volume 8 | Article 1017

https://doi.org/10.1007/s40279-014-0177-7
https://doi.org/10.1007/s00421-010-1444-4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Editorial: High-Intensity Exercise in Hypoxia: Beneficial Aspects and Potential Drawbacks
	Recent Developments in Hypoxic Training
	High-Intensity, Continuous Exercise in Hypoxia
	Repeated Sprint Training in Hypoxia
	Resistance Training in Hypoxia
	Therapeutic Use of Hypoxia
	Conclusion
	Author Contributions
	References


