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INTRODUCTION
Methods to enhance the adaptive
responses to resistance training are of
great interest to clinical and athletic
populations alike. Altering the muscular
environment by restricting oxygen avail-
ability during resistance exercise has been
shown to induce favorable physiological
adaptations. An acute hypoxic stimu-
lus during exercise essentially increases
reliance on anaerobic pathways, aug-
menting metabolic stress responses, and
subsequent hypertrophic processes (Scott
et al., 2014). Hypoxic strategies during
resistance exercise were originally investi-
gated using blood flow restriction (BFR)
methods (Takarada et al., 2000), whereby
a cuff is applied proximally to a limb to
partially limit arterial inflow while occlud-
ing venous outflow from the working
muscles. Another method that has been
investigated more recently is performing
resistance exercise in systemic hypoxia, by
means of participants breathing a hypoxic
air mixture.

The addition of systemic hypoxia to
resistance training has previously resulted
in significantly enhanced hypertrophic
and strength responses to both low-
load (20% 1-repetition maximum; 1RM)
(Manimmanakorn et al., 2013a,b) and
moderate-load (70% 1RM) (Nishimura
et al., 2010) resistance training. While
research into intermittent hypoxic resis-
tance training (IHRT) is in its infancy,
some studies have reported conflicting
results, which is likely due to differ-
ing research methodologies. In a recent
review, it has been suggested that many
of the potential mechanisms underpinning

muscle adaptations to BFR training and
IHRT are linked to the muscular oxygena-
tion status and degree of metabolic stress
associated with exercise (Scott et al., 2014).
The purpose of this paper is to briefly sum-
marize the adaptive responses that have
been reported following both low- and
moderate-load IHRT and to highlight key
areas of concern for IHRT methodology,
including the level of hypoxia used and the
degree of metabolic stress imposed during
exercise.

FINDINGS FROM IHRT STUDIES
To date, six separate investigations
have examined the impact of IHRT on
hypertrophic and strength responses,
resulting in seven published papers
comparing adaptive responses follow-
ing IHRT to a normoxic control group
(Friedmann et al., 2003; Nishimura
et al., 2010; Manimmanakorn et al.,
2013a,b; Ho et al., 2014b; Kon et al.,
2014; Kurobe et al., 2014). Research using
low-load resistance training (20% 1RM)
combined with moderate hypoxia (frac-
tion of inspired oxygen [FIO2] adjusted
to maintain arterial oxygen saturation
at 80%) and very brief inter-set rest
periods (30 s) has reported greater hyper-
trophic and strength responses following
IHRT compared to work-matched nor-
moxic training (Manimmanakorn et al.,
2013a,b). However, another study using
similar exercise loads (30% 1RM), yet
longer inter-set rest periods (60 s) and
a greater hypoxic stress (FIO2 = 12%)
has observed no additive benefits of
IHRT (Friedmann et al., 2003). While
conflicting, these findings may indicate

that for IHRT using low-loads, both the
duration of inter-set rest periods and
the level of hypoxia affect the adaptive
responses.

Nishimura et al. (2010) used moderate-
load resistance training (70% 1RM)
combined with moderate-level hypoxia
(FIO2 = 16%) and a relatively brief
inter-set rest period (60 s), demonstrat-
ing enhanced hypertrophic, and strength
responses following IHRT compared to
the equivalent training in normoxia.
However, research using similar exer-
cise loads (70% 1RM or 10RM) and
levels of hypoxia (FIO2 = 14.4–15%)
in conjunction with longer inter-set
rest periods (90–120 s) has not found
additive hypertrophic or strength ben-
efits for IHRT (Ho et al., 2014b; Kon
et al., 2014). Furthermore, a study that
employed moderate-load exercise (10RM)
and brief inter-set rest (60 s), but a high-
level of hypoxia (FIO2 = 12.7%) noted
significantly greater hypertrophic, but
not strength adaptations, following IHRT
compared to normoxic training (Kurobe
et al., 2014). When considering the avail-
able evidence, it appears that moderate
hypoxia in conjunction with relatively
brief inter-set rest periods (and sub-
sequently increased metabolic stress)
are paramount in enhancing muscular
development via IHRT.

LEVEL OF HYPOXIA
The hypoxic stimulus used in previ-
ous IHRT investigations has ranged from
FIO2 = 12–16%, or investigators have
adjusted the hypoxic stimulus to main-
tain arterial oxygen saturation at 80%.
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Importantly, no two investigations have
employed the same hypoxic stimulus,
which has led to differing physiological
responses, and difficulty in directly com-
paring the findings of each study. It has
been established that the level of hypoxia
or altitude an individual is exposed to
has a dose-response relationship on subse-
quent markers of endurance performance
(Chapman et al., 2014), and it is logical
that a similar relationship may exist for
muscular development following IHRT.

It is possible that for enhanced mus-
cle hypertrophy and strength development
from IHRT, the level of hypoxia may fol-
low a hermetic relationship, meaning that
some beneficial acute responses to hypoxia
may be attenuated if the level of hypoxia
is too high. Muscle function during IHRT
using high-levels of hypoxia could be
impacted by the presence of a “central gov-
ernor,” which was popularized by Noakes
et al. (2001). This theory postulates that
the degree of motor unit recruitment by
the central nervous system is determined
by the brain’s need to protect itself and the
body, ensuring survival, and maintenance
of integrity during and following exercise
(Millet et al., 2009). As such, a hypoxia-
mediated reduction in central drive may
occur above a certain hypoxic threshold.
Amann et al. (2006) have hypothesized
that oxygen supply affects the regulation
of motor output to ensure that muscular
fatigue does not exceed a critical threshold.

It has been previously reported that
exercising in systemic hypoxia can induce
changes in cerebral oxygenation, which in
turn may limit incremental exercise per-
formance (Subudhi et al., 2007). Altered
cerebral oxygenation may play a reg-
ulatory role during IHRT using high-
level hypoxia, effectively attenuating any
increases in muscle activation that may
occur using moderate-level hypoxia. This
cerebral mechanism is unlikely to be
present during BFR exercise, where the
hypoxic environment is localized to the
limb being trained and significant eleva-
tions in muscle activation are regularly
reported (Takarada et al., 2000; Yasuda
et al., 2009). This is a probable differ-
ence between these two resistance train-
ing methods. Although further research
is needed to examine the dose-response
relationship between the level of hypoxia
during IHRT and subsequent muscle

activation, current evidence suggests that
beneficial muscular adaptations are only
possible when moderate-level hypoxia is
employed in conjunction with brief inter-
set rest periods (Nishimura et al., 2010;
Manimmanakorn et al., 2013a,b).

METABOLIC STRESS
The degree of metabolic stress associated
with resistance training has been proposed
as an important regulator of subsequent
adaptive muscular responses (Schoenfeld,
2013). Intramuscular hypoxia dur-
ing resistance exercise likely increases
the reliance on anaerobic metabolism
(Kawada, 2005), which accelerates the
production of metabolites. Indeed,
researchers have previously demonstrated
that IHRT (FIO2 = 13%) using both low-
loads (5 sets of 14 repetitions at 50% 1RM
with 60 s inter-set rest) (Kon et al., 2012)
and moderate-loads (5 sets of 10 repeti-
tions at 70% 1RM with 60 s inter-set rest)
(Kon et al., 2010) can increase metabolic
stress, measured via blood lactate concen-
tration, when compared to the equivalent
exercise in normoxia. As such, increased
metabolic stress may be a primary mecha-
nism underpinning augmented muscular
responses to hypoxic resistance training
methods.

Schoenfeld (2013) proposed hyper-
trophic adaptations to resistance exercise
may be mediated by metabolic stress via
enhanced muscle activation, up-regulated
endocrine responses, greater production
of local myokines and reactive oxygen
species, and cellular swelling. If hypoxia-
mediated increases in metabolic stress are
in fact an underlying mechanism for adap-
tation to IHRT, it is important to under-
stand how best to utilize hypoxic stimuli
to augment metabolic stress. If this is not
considered during IHRT program design,
it is likely that mechanisms downstream
from the metabolic stress will not be fur-
ther enhanced, and no additive benefits
will be observed for IHRT. One key area
factor that has received limited research
attention is the duration of inter-set recov-
ery periods. As highlighted by Bird et al.
(2005), the length of inter-set rest periods
not only determines the degree of adeno-
sine triphosphate-PCr energy recovery,
but also the extent to which blood lactate
concentrations are elevated. Importantly,
IHRT is vastly different to BFR methods

in this regard, given that venous out-
flow is occluded by the BFR stimulus
and metabolites therefore cannot be re-
distributed away from the exercising limb.
However, venous outflow is maintained
during IHRT, meaning that metabolites
can enter circulation and be distributed
to other parts of the body. Logic there-
fore dictates that for augmented metabolic
stress during IHRT, inter-set rest periods
should be short enough to ensure that a
hypoxia-mediated metabolic stress is still
present within the muscles during each
subsequent set.

A mechanism by which hypoxia may
alter energetic metabolism during resis-
tance exercise may by slowing the rate of
phosphocreatine (PCr) recovery between
sets. Resynthesis of PCr occurs primar-
ily by oxidative processes, and is therefore
sensitive to manipulations of oxygen avail-
ability (Haseler et al., 1999). It is possible
that relatively brief inter-set rest periods
will result in subsequent sets beginning
with a lower PCr concentration when
training in hypoxia, placing greater stress
on anaerobic glycolysis, and consequently
increasing the accumulation of metabo-
lites. This may account for the findings of
no added hypertrophic or strength benefits
following IHRT in previous research that
has employed inter-set rest periods of 90–
120 s (Ho et al., 2014b; Kon et al., 2014).
Indeed, Ho et al. (2014a) have reported
no differences in blood lactate concen-
trations between hypoxic and normoxic
IHRT groups following 5 sets of 15 repeti-
tions of squats (30% 1RM) with 90 s inter-
set rest. Therefore, it is likely that inter-set
rest periods of 90 s or longer are suffi-
cient to attenuate any hypoxia-mediated
rise in metabolic stress, limiting the poten-
tial anabolic effects of hypoxia.

While some research has previously
demonstrated increased metabolic stress
following IHRT (Kon et al., 2010, 2012),
conflicting data have been recently
reported (Kurobe et al., 2014; Ho et al.,
2014a). Kurobe et al. (2014) observed no
differences between hypoxic and normoxic
training groups performing 3 sets of 10
repetitions of elbow extensions (10RM)
with 60 s inter-set rest. These conflict-
ing results may be partly explained by
the differences in exercise volume, as the
studies by Kon et al. (2010, 2012) both
employed 5 sets of two exercises, whereas
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Kurobe et al. (2014) employed a single
exercise for 3 sets. In addition, the study by
Ho et al. (2014a) used very long inter-set
recovery periods, especially considering
the low exercise loads prescribed, which
likely attenuated any hypoxia-mediated
increase in metabolic stress. It is possible
that hypoxic conditions facilitate only a
small increase in metabolic stress, which
requires more than 3 sets with short rest
intervals between to provide a significant
accumulated effect. However, this expla-
nation remains speculative and requires
further research.

CONCLUSIONS
When considering the current research
into IHRT, it is clear that methodological
inconsistencies between studies may have
caused the conflicting results. While there
is currently a limited body of research
examining IHRT, it appears that adaptive
responses may be influenced by the level
of hypoxia and the inter-set rest periods
(and subsequent alterations in metabolic
stress) used. We propose that for IHRT
to elicit greater muscular adaptations than
the equivalent training in normoxia, exer-
cise protocols should be designed to pro-
vide a substantial metabolic stimulus, with
particular care being taken to implement
relatively brief rest periods between each
set. However, it should also be acknowl-
edged that a range of other factors could
influence adaptive responses to IHRT. For
example, neuroplasticity may be altered by
long periods of intermittent hypoxic expo-
sures, and could therefore play a role in
adaptation to extended IHRT programs.
Nonetheless, the purpose of this paper
is to provoke thought amongst scientists
regarding how resistance training program
design may be manipulated in conjunc-
tion with systemic hypoxia to enhance
adaptive responses. Given the available
evidence, we suggest that inter-set rest
periods should be very brief for low-load
exercise (∼ 20–30% 1RM; ∼30 s) and
brief for moderate-load exercise (∼70%
1RM; ∼60 s). Furthermore, it may also
be important to ensure that a moderate,
rather than high, level of hypoxia is used
(FIO2 = ∼14–16%).

ACKNOWLEDGMENTS
This manuscript was not supported by any
funding.

REFERENCES
Amann, M., Eldridge, M. W., Lovering, A. T.,

Stickland, M. K., Pegelow, D. F., and Dempsey,
J. A. (2006). Arterial oxygenation influences cen-
tral motor output and exercise performance via
effects on peripheral locomotor muscle fatigue
in humans. J. Physiol. (Lond). 575, 937–952. doi:
10.1113/jphysiol.2006.113936

Bird, S. P., Tarpenning, K. M., and Marino, F. E.
(2005). Designing resistance training programmes
to enhance muscular fitness: a review of the acute
programme variables. Sports Med. 35, 841–851.
doi: 10.2165/00007256-200535100-00002

Chapman, R. F., Karlsen, T., Resaland, G. K., Ge, R. L.,
Harber, M. P., Witkowski, S., et al. (2014). Defining
the “dose” of altitude training: how high to live
for optimal sea level performance enhancement.
J. Appl. Physiol. 116, 595–603. doi: 10.1152/jap-
plphysiol.00634.2013

Friedmann, B., Kinscherf, R., Borisch, S., Richter,
G., Bartsch, P., and Billeter, R. (2003). Effects of
low-resistance/high-repetition strength training in
hypoxia on muscle structure and gene expression.
Pflügers Arch. 446, 742–751. doi: 10.1007/s00424-
003-1133-9

Haseler, L. J., Hogan, M. C., and Richardson, R. S.
(1999). Skeletal muscle phosphocreatine recovery
in exercise-trained humans is dependent on O2
availability. J. Appl. Physiol. 86, 2013–2018.

Ho, J. Y., Huang, T. Y., Chien, Y. C., Chen, Y. C.,
and Liu, S. Y. (2014a). Effects of acute expo-
sure to mild simulated hypoxia on hormonal
responses to low-intensity resistance exercise in
untrained men. Res. Sports Med. 22, 240–252. doi:
10.1080/15438627.2014.915834

Ho, J. Y., Kuo, T. Y., Liu, K. L., Dong, X. Y., and Tung,
K. (2014b). Combining normobaric hypoxia with
short-term resistance training has no additive ben-
eficial effect on muscular performance and body
composition. J. Strength Cond. Res. 28, 935–941.
doi: 10.1519/JSC.0000000000000289

Kawada, S. (2005). What phenomena do occur in
blood flow-restricted muscle? Int. J. KAATSU
Train. Res. 1, 37–44. doi: 10.3806/ijktr.1.37

Kon, M., Ikeda, T., Homma, T., Akimoto, T., Suzuki,
Y., and Kawahara, T. (2010). Effects of acute
hypoxia on metabolic and hormonal responses
to resistance exercise. Med. Sci. Sports Exerc. 42,
1279–1785. doi: 10.1249/MSS.0b013e3181ce61a5

Kon, M., Ikeda, T., Homma, T., and Suzuki, Y.
(2012). Effects of low-intensity resistance exer-
cise under acute systemic hypoxia on hormonal
responses. J. Strength Cond. Res. 26, 611–617. doi:
10.1519/JSC.0b013e3182281c69

Kon, M., Ohiwa, N., Honda, A., Matsubayashi, T.,
Ikeda, T., Akimoto, T., et al. (2014). Effects of sys-
temic hypoxia on human muscular adaptations to
resistance exercise training. Physiol. Rep. 2:e12033.
doi: 10.14814/phy2.12033

Kurobe, K., Huang, Z., Nishiwaki, M., Yamamoto, M.,
Kanehisa, H., and Ogita, F. (2014). Effects of resis-
tance training under hypoxic conditions on mus-
cle hypertrophy and strength. Clin. Physiol. Funct.
Imaging doi: 10.1111/cpf.12147. [Epub ahead of
print].

Manimmanakorn, A., Hamlin, M. J., Ross, J. J., Taylor,
R., and Manimmanakorn, N. (2013a). 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
16, 337–342. doi: 10.1016/j.jsams.2012.08.009

Manimmanakorn, A., Manimmanakorn, N., Taylor,
R., Draper, N., Billaut, F., Shearman, J. P., et al.
(2013b). Effects of resistance training combined
with vascular occlusion or hypoxia on neuromus-
cular function in athletes. Eur. J. Appl. Physiol. 113,
1767–1774. doi: 10.1007/s00421-013-2605-z

Millet, G. Y., Aubert, D., Favier, F. B., Busso, T., and
Benoit, H. (2009). Effect of acute hypoxia on cen-
tral fatigue during repeated isometric leg contrac-
tions. Scand. J. Med. Sci. Sports 19, 695–702. doi:
10.1111/j.1600-0838.2008.00823.x

Nishimura, A., Sugita, M., Kato, K., Fukuda, A., Sudo,
A., and Uchida, A. (2010). Hypoxia increases mus-
cle hypertrophy induced by resistance training. Int.
J. Sports Physiol. Perform. 5, 497–508.

Noakes, T. D., Peltonen, J. E., and Rusko, H. K. (2001).
Evidence that a central governor regulates exercise
performance during acute hypoxia and hyperoxia.
J. Exp. Biol. 204, 3225–3234.

Schoenfeld, B. J. (2013). Potential mechanisms for
a role of metabolic stress in hypertrophic adap-
tations to resistance training. Sports Med. 43,
179–194. doi: 10.1007/s40279-013-0017-1

Scott, B. R., Slattery, K. M., Sculley, D. V., and
Dascombe, B. J. (2014). Hypoxia and resistance
exercise: a comparison of localized and sys-
temic methods. Sports Med. 44, 1037–1054. doi:
10.1007/s40279-014-0177-7

Subudhi, A. W., Dimmen, A. C., and Roach, R. C.
(2007). Effects of acute hypoxia on cerebral and
muscle oxygenation during incremental exercise.
J. Appl. Physiol. 103, 177–183. doi: 10.1152/jap-
plphysiol.01460.2006

Takarada, Y., Nakamura, Y., Aruga, S., Onda, T.,
Miyazaki, S., and Ishii, N. (2000). Rapid increase in
plasma growth hormone after low-intensity resis-
tance exercise with vascular occlusion. J. Appl.
Physiol. 88, 61–65.

Yasuda, T., Brechue, W. F., Fujita, T., Shirakawa, J.,
Sato, Y., and Abe, T. (2009). Muscle activation
during low-intensity muscle contractions with
restricted blood flow. J. Sports Sci. 27, 479–489.
doi: 10.1080/02640410802626567

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.

Received: 07 August 2014; paper pending published:
09 September 2014; accepted: 24 September 2014;
published online: 13 October 2014.
Citation: Scott BR, Slattery KM and Dascombe BJ
(2014) Intermittent hypoxic resistance training: does
it provide added benefit? Front. Physiol. 5:397. doi:
10.3389/fphys.2014.00397
This article was submitted to Striated Muscle Physiology,
a section of the journal Frontiers in Physiology.
Copyright © 2014 Scott, Slattery and Dascombe. 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 licen-
sor are credited and that the original publication in
this journal is cited, in accordance with accepted aca-
demic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

www.frontiersin.org October 2014 | Volume 5 | Article 397 | 3

http://dx.doi.org/10.3389/fphys.2014.00397
http://dx.doi.org/10.3389/fphys.2014.00397
http://dx.doi.org/10.3389/fphys.2014.00397
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/
http://www.frontiersin.org
http://www.frontiersin.org/Striated_Muscle_Physiology/archive

	Intermittent hypoxic resistance training: does it provide added benefit?
	Introduction
	Findings from IHRT Studies
	Level of Hypoxia
	Metabolic Stress
	Conclusions
	Acknowledgments
	References


