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Abstract
Allsopp, GL, Britto, FA, Wright, CR, and Deldicque, L. The effects of normobaric hypoxia on the acute physiological responses to
resistance training: a narrative review. J Strength Cond Res XX(X): 000–000, 2024—Athletes have used altitude training for many
years as a strategy to improve endurance performance. The use of resistance training in simulated altitude (normobaric hypoxia) is
a growing strategy that aims to improve the hypertrophy and strength adaptations to training. An increasing breadth of research has
characterized the acute physiological responses to resistance training in hypoxia, often with the goal to elucidate the mechanisms
by which hypoxia may improve the training adaptations. There is currently no consensus on the overall effectiveness of hypoxic
resistance training for strength and hypertrophy adaptations, nor the underlying biochemical pathways involved. There are,
however, numerous interesting physiological responses that are amplified by performing resistance training in hypoxia. These
include potential changes to the energy system contribution to exercise and alterations to the level of metabolic stress, hormone
and cytokine production, autonomic regulation, and other hypoxia-induced cellular pathways. This review describes the founda-
tional exercise physiology underpinning the acute responses to resistance training in normobaric hypoxia, potential applications to
clinical populations, including training considerations for athletic populations. The review also presents a summary of the ideal
training parameters to promote metabolic stress and associated training adaptations. There are currently many gaps in our
understanding of the physiological responses to hypoxic resistance training, partly caused by the infancy of the research field and
diversity of hypoxic and training parameters.
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Introduction

Altitude training is a long-standing strategy used by endurance
athletes to improve their aerobic capacity. Advances in technol-
ogy led to the creation of a manmade hypoxic environment,
where the air pressure remains similar to sea level, although the
fraction of inspired O2 (FiO2) is reduced (termed normobaric
hypoxia). The use of normobaric hypoxia has become popular at
training centers and is now used for a wider variety of training
outcomes such as muscle hypertrophy and strength. There is
growing interest in the potential benefits of performing resistance
exercise in normobaric hypoxia (37,48,95).

There are now at least 16 studies examining the chronic
training adaptations to resistance exercise in normobaric hyp-
oxia. A number of these studies reported that hypoxia increases
the magnitude of training adaptations to a greater extent than
normoxic training, including skeletal muscle hypertrophy (70),
strength (45), strength endurance (53), and even aerobic capacity
(61). Although a systematic review and meta-analysis concluded
that hypoxic resistance training did not consistently enhance
training adaptations compared with normoxia, they agreed that
with the optimal training variables, hypoxia is a promising
method to enhance the training outcomes from resistance
exercise (79).

Several studies examined the acute physiological responses to
a single bout of resistance training in hypoxia. Some of these
studies aimed to elucidate the mechanisms by which hypoxia may
enhance skeletal muscle hypertrophy, whereas others focused on
the metabolic and hormonal responses to hypoxic training. Some
intriguing responses have been characterized, including a greater
growth hormone response to resistance training in hypoxia (56)
and the potential modulation of satellite cell–dependent hyper-
trophy pathways such as myoblast determination factor 1
(MyoD), myogenic regulatory factor 4 (MRF4), and myogenic
factor 5 (Myf5) (95). There is evidence that hypoxia increases the
metabolic stress response to resistance exercise, including greater
disturbances to acid-base balance and increased postexercise
oxygen consumption (77). Currently, the mechanisms un-
derpinning the adaptations to hypoxic training are not fully clear,
and there is still much to learn about the acute physiological
responses to this training method. Despite the infancy of the
hypoxic training literature, there is growing interest in the ap-
plication of this training method to trained populations (45) and
clinical populations including older adults (1), individuals with
obesity (72), and metabolic disease (83).

This review will outline the acute physiological responses to
resistance training in normobaric hypoxia. All key physiological
responses in the literature are outlined, including the metabolic,
autonomic, hormonal, immune, and skeletal muscle specific
responses. The research strategy focuses on human trials that use
resistance exercise in intermittent normobaric hypoxia (,6 hours
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exposure). Studies using hypobaric hypoxia are not part of the
research strategy because of the long periods of exposure to
hypoxic conditions where the physiological responses are likely
different. Endurance training and high-intensity internal training
were not included in the primary research strategy as they were
considered outside the scope of the review and have received
considerable attention in the literature. Where the literature is
limited in relation to resistance training, occasionally the review
includes brief discussion of hypoxic training studies that used
endurance training and high-intensity interval training (HIT) to
draw potential comparisons.

The review will also outline the fundamental exercise physi-
ology underpinning these responses, with the aim of increasing
knowledge among applied sport scientists and strength and
conditioning specialists. The review will also link the acute
physiological responses to the known chronic adaptations to
hypoxic training, with particular focus on the potential applica-
tions to different populations.

Literature Search Strategy

Key terms used in the literature search included (Resistance OR
Strength) AND (Exerc*[Title] OR Train*[Title]) AND (Hypox*
[Title] OR Altitude[Title]). Asterisks were used to search for
variants of the search terms (e.g., hypoxia vs. hypoxic). An initial
selection was made based on the title and language of the articles,
where articles written in English were included. After screening
the articles, those using normobaric hypoxia and resistance ex-
ercise were included in the review. The primary focus of the lit-
erature search was on human studies, those using animal models
and cell culture were included where human studies were lacking.
Because of the narrative review approach, other articles related to
systemic hypoxia exposure, endurance exercise, and high-
intensity exercise were included where appropriate. Given the
different physiological responses to blood flow restriction train-
ing compared with systemic hypoxic training (as outlined by
(75)), this review focuses on resistance training in normobaric
hypoxia. The last search of literature occurred onMarch 3, 2023.

Oxygen Homeostasis and Hypoxia Exposure

The regulation of oxygen homeostasis is vital for the metabolism
of mammalian cells to perform basic human functions including
movement and tissue growth (58). Oxygen homeostasis is tightly
regulated, where any discrepancy between supply and demand
triggers a rapid cellular response to restore adequate oxygen
saturation (65). Normobaric hypoxia exposure is typically ach-
ieved by nitrogen generators that replace a fraction of the oxygen
with nitrogen (4). Normobaric hypoxia, therefore, mimics the
local oxygen partial pressure at genuine altitude, where a decrease
in the partial pressure gradient of oxygen at the respiratory
membrane in the lungs reduces the oxygen supply to the
bloodstream.

In normal sea-level conditions (normoxia), arterial oxygen
saturation (SpO2) is approximately$98% in healthy individuals.
Acute exposure to environmental hypoxia causes a rapid re-
duction in SpO2 that recovers quickly after returning to normoxic
conditions. The normobaric hypoxic conditions used by the
hypoxic training literature range from a FiO2 of 12.6% (101) to
16.0%O2 (70), reducing SpO2 to approximately 80.36 9.1% to
94.0 6 2.1% (mean 6 SD), respectively. Although a chronic
SpO2 value in this range would spark concern in a clinical setting,

short-term exposure to moderate hypoxia during exercise
appears to be well-tolerated by numerous populations including
older adults (4) and individuals with type II diabetes (59), obesity
(72), and coronary artery disease (11).

Only a few studies used a customized hypoxic dose that used
a biofeedback system to maintain a consistent SpO2 in each
subject (61,94). This is an interesting approach with pros and
cons. Customizing SpO2 ensures that the hypoxemia experienced
by each individual is consistent, and thus the physiological re-
sponse to training may be more homogenous compared with
a standard hypoxic dose. However, this approach is more time
consuming compared with training multiple subjects in a hypoxic
chamber set to a standard FiO2. Irrespective of the hypoxic dose
and method of hypoxic delivery, practitioners and researchers
using hypoxic protocols should recognize that there is substantial
interindividual variability in the physiological response to hyp-
oxia exposure; therefore, there is variability in the responses to
hypoxic resistance exercise (refer to review for detail on hypoxic
tolerance (20)). Although the SpO2 responses to hypoxia are
somewhat varied among individuals, there are many studies that
describe the biochemical pathways that are commonly activated
with hypoxic exposure.

Hypoxia-Induced Cellular Pathways

Hypoxia-inducible factor 1 (HIF-1) is a key factor that regulates
the downstream cellular responses to low SpO2. HIF-1 is a tran-
scription factor comprised of a b-subunit and an a-subunit that
contains an O2 dependent degradation (ODD) domain (87). In
normoxic conditions, the prolyl-hydroxylase 2 (PHD2) hydrox-
ylates the ODD domain and causes degradation of the a-subunit,
ultimately inhibiting HIF-1 protein stabilization (99). In hypoxic
conditions, the fall in O2 causes PHD2 inhibition leading to the
stabilization of HIF-1 that subsequently binds to and activates
over 1,000 downstream target genes (82). Although it is clear that
hypoxic resistance training does not cause a prolonged increase in
HIF-1a in peripheral tissues (53), it is likely that HIF-1a is tran-
siently up-regulated during each exercise session in hypoxia. This
is evidenced by numerous studies that identified changes in
downstream gene targets of HIF-1a with hypoxia exposure in-
cluding angiogenic, metabolic, and cell survival pathways
(23,84,87,88).

The stabilization of HIF-1a during hypoxia promotes the ex-
pression of several enzymes regulating glucose uptake and me-
tabolism including glucose transporter 1, hexokinase II, and
phosphofructokinase (PFK) (23). Hypoxia activates a key sig-
naling protein called adenosine monophosphate–activated pro-
tein kinase (AMPK), which protects cells from sustaining damage
through various signaling pathways (39). Adenosine mono-
phosphate–activated protein kinase promotes translocation of
vesicles containing GLUT4 to the plasma membrane via the
phosphorylation of TBC1 domain familymember 1 and TBC1D4
(13), increasing glucose uptake by the tissues under hypoxia.
Adenosine monophosphate–activated protein kinase also regu-
lates mitochondrial biogenesis through the activation of peroxi-
some proliferator–activated receptor-c coactivator-1 alpha
(PGC1a) (47).

HIF-1A Pathways During Acute Exercise

The effects of hypoxic resistance exercise on skeletal muscle ox-
ygenation and HIF-1 stabilization are currently unclear.
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Generally speaking, blood supply and, therefore, oxygen supply
to the muscle is well maintained by the autonomic nervous system
(ANS). The vasculature supplying skeletal muscle responds to
both exercise and hypoxic conditions to increase blood supply.
Hypoxia achieves this by causing compensatory vasodilation of
blood vessels (reviewed elsewhere (46)). Muscle oxygenation and
the stabilization of HIF-1 are impacted by the severity of the
hypoxic exposure and the training parameters. One of the few
studies that measured muscle oxygenation during hypoxic exer-
cise used 53 10 repetitions of high-intensity resistance exercise at
70% of 1 repetition maximum (1RM) in FIO2 13.0% with short
interset rest periods (51). Near-infrared spectroscopy analysis of
the vastus lateralis showed that the hypoxic group had signifi-
cantly lower muscle oxygenation compared with the normoxic
group (17 vs. 27%). This finding was not replicated by a more
recent study that performed 3 3 10 repetitions of resistance ex-
ercise at 60% 1RM in FIO2 16.0%, where muscle oxygenation
was not significantly different between groups (86). Although the
slightly higher exercise intensity and set range may have con-
tributed to this response, it appears that a greater level of hypoxia
is required to elicit skeletal muscle hypoxemia (70). This is not
surprising given that skeletal muscle is relatively resistant to
hypoxia (46).Muscle fiber type is also likely to impact the skeletal
muscle response to acute hypoxia; however, there is little evidence
to support this in the context of resistance exercise.

Gnimassou et al. (31) measured muscle oxygenation during
high-intensity resistance exercise (80% 1RM) in FIO2 14.0% and
also measured HIF-1 in skeletal muscle at 15 minutes and 4 hours
postexercise. Neither muscle oxygenation nor HIF-1 was differ-
ent between normoxic and hypoxic-trained groups, possibly be-
cause of the relatively long 2-minute interset rest period used.
HIF-1 is also hard to quantify because of its short half-life of
5–8 minutes (7) and, therefore, could have somewhat degraded
before the first measurement point at 15 minutes postexercise.

Regardless of local muscle oxygenation, there is a robust re-
duction in SpO2 during hypoxic resistance exercise (53,56) that
likely causes the activation of various HIF-1–regulated pathways
including cell survival, metabolism, and angiogenesis. For ex-
ample, plasma concentrations of vascular endothelial growth
factor (VEGF) are significantly up-regulated after 8 weeks of re-
sistance training in FIO2 14.4% compared with the same training
in normoxia (53). VEGF up-regulates skeletal muscle angiogen-
esis and thus may provide positive metabolic adaptations to re-
sistance training in hypoxia that are not typically present after
normoxic resistance training (discussed later in the review).

Skeletal Muscle Specific Responses to Normobaric
Hypoxic Resistance Training

Muscle Mass and Strength Adaptations

Repeated bouts of resistance exercise are known to induce
changes in skeletal muscle morphology and functional adapta-
tions related to strength and power. Performing resistance exer-
cise in hypoxic conditions may potentiate muscle adaptations
usually observed after resistance exercise in normoxia (24). Al-
though improvements in muscle strength have been observed
without concomitant hypertrophy, increases in muscle mass are
often detected after resistance exercise training. Most of the
studies dealing with normobaric hypoxic resistance training in-
vestigated the potential added value over normoxic resistance
training on muscle mass and muscle strength, with divergent
conclusions. Larger gains in muscle size (CSA, muscle mass, or

lean mass) (14,37,56,61,62,70,101) and muscle strength
(45,61,63,70,95,101) were found after hypoxic vs. normoxic
training. Nevertheless, it should be mentioned that others found
no additional effects on muscle mass (45,53,63,94,95) and
strength (26,37,41,53,56,62,94). Based on those results, no
consensus can be reached as to whether hypoxic conditions offer
added value to the gains in muscle strength and muscle mass
usually observed after resistance training. This said, as about half
of the studies revealed a further increase in muscle strength or
muscle mass by hypoxic training; hypoxic training might be of
interest for some athletes under certain conditions.

Acute Changes in Protein Balance and Satellite Cells

Skeletal muscle mass results from the balance between protein
synthesis and degradation. Satellite cell inclusion may also con-
tribute to increased muscle mass, whereas fiber loss results in
a reduction of muscle mass. At the molecular level, the number,
size, and type of fibers are different features that are regulated by
various signaling pathways. Although controversial (35), protein
synthesis is regularly assessed by measuring the activation of the
Akt/mammalian target of rapamycin (mTOR) pathway and its
downstream targets ribosomal S6 kinase 1 (S6K1) and ribosomal
S6 protein (S6). Muscle protein degradation is mainly regulated
by the autophagy-lysosomal and ubiquitin-proteasome path-
ways. The latter mechanism is largely regulated by E3 ligases such
asmuscle atrophy F box (Mafbx) andmuscle ring finger protein-1
(MuRF-1) (8). The transcriptional regulation of those E3 ligases is
partly controlled by the members of the forkhead FoxO family,
themselves down-regulated by Akt (91).

After a single resistance exercise session, the protein synthesis
rate seems to be unchanged (68) or blunted (21,31) in normobaric
hypoxia compared with normoxia. Etheridge et al. (21) showed
that muscle protein synthesis was blunted by hypoxia after re-
sistance training, although no amino acids were provided to favor
muscle anabolism and the hypoxic conditions were more severe
(FiO2 12% for 3.5 h, 2.5 h recovery in hypoxia) than typically
used by athletes (FiO2 14–15% for 45–60 minutes and recovery
in normoxia). As the hypoxic dose is crucial for muscle mass
regulation (15), Gnimassou et al. (32) hypothesized that different
doses could induce different responses and that resistance exercise
performed in moderate hypoxia could induce a positive protein
balance and favor muscle mass accretion when repeated. Con-
trary to this hypothesis, a lower dose of hypoxia blunted protein
synthesis. The authors explored the molecular mechanisms that
impaired protein synthesis after resistance exercise in hypoxia,
although no modification of the Akt/mTOR pathway after hyp-
oxic vs. normoxic exercise was found during the 4-h recovery in
normoxia, despite lower AMPK phosphorylation and lower
REDD1 expression. The Akt/mTOR pathway was not modified
either by hypoxia in Etheridge et al. (21), as measured by un-
changed phosphorylation of Akt, mTOR, eukaryotic initiation
factor 4E (eIF4E), eIF4E-binding protein 1 (4E-BP1), and
eukaryotic elongation factor 2. Only S6K1 phosphorylation was
higher both at rest and during the 2.5-h recovery period in hyp-
oxic compared with normoxic conditions, pointing out a discon-
nect between mTOR signaling and muscle protein synthesis, as
previously shown in other circumstances (6,17). Recently,
Moberg et al. (68) found that during the 3-h recovery period in
normoxia, the increase in S6K1 phosphorylation induced by re-
sistance exercise was blunted by about 50%when the sessionwas
performed in hypoxia compared with normoxia. Despite a re-
duced phosphorylation of S6K1, no difference in protein
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synthesis was found 24 h postexercise in hypoxia. In conclusion,
contrary to the hypothesis that hypoxic conditions could stimu-
late the anabolic response to resistance exercise, if anything, there
is a lack of or a blunting effect on protein synthesis and the Akt/
mTOR pathway. Although microRNAs may play a role in the
regulation of muscle mass through pathways such as Akt/mTOR
(102), there is currently no human data investigating the possible
modulation of microRNAs by normobaric hypoxia in humans
after resistance exercise.

Looking at the opposite side of the muscle protein balance,
Gnimassou et al. (31) found that the rate of protein degradation
was similar after normoxic and hypoxic resistance exercise. At
a molecular level, MuRF-1 and Mafbx mRNA levels and
LC3bII/I and p62 protein expression (2 markers for the
autophagy-lysosomal pathway) were not modified after hyp-
oxic compared with normoxic resistance exercise. Similar
results were observed by Moberg et al. (68), who did not find
differences between resistance exercise in hypoxia vs. normoxia
in several markers for the ubiquitin-proteasome and the
autophagy-lysosomal pathways. Although calculation of the net
protein balance was not possible in Gnimassou et al. (31) be-
cause of the use of 2 different isotopes, the results suggested that
the exercise session in normoxia induced a more favorable
protein balance than in normobaric hypoxia. Those results
contradict the idea that hypoxic conditions might favor muscle
adaptations and accelerate muscle mass gains in athletes.
However, a microarray analysis from the same study revealed
that hypoxia regulated the expression of genes involved in
myoblast differentiation/fusion and in muscle contraction ma-
chinery after hypoxic resistance training (31). Globally, genes
related to the slow muscle fiber phenotype were down-
regulated, such as troponin 1 and troponin T1, whereas those

related to the fast phenotype were up-regulated, such as tropo-
nin T3 and MYH1, after hypoxic compared with normoxic re-
sistance training. Those results were confirmed by qPCR acutely
but not on the longer term after a whole training protocol, as
mentioned below (26,95).

As mentioned earlier, satellite cells may contribute to muscle
hypertrophy (103). Their activation, proliferation, and differen-
tiation are tightly controlled by the so-called myogenic regulatory
factors, namely myogenin, MyoD, myf-5, and Mrf4 (103). Gni-
massou et al. (31) found higher mRNA levels of myogenin in
hypoxia compared with normoxia, both at rest and after exercise.
A trend for an increase inMyoD andMrf4 mRNA levels was also
observed, suggesting a potentially higher contribution of satellite
cells to muscle adaptation in hypoxic vs. normoxic conditions. In
a follow-up study, it was hypothesized that activation of satellite
cells and subsequent myogenesis could be triggered by in-
flammation (9). Indeed, hypoxic resistance exercise promoted
acute inflammation and macrophage activation mediated by the
TNFa/NF-kB/IL-6/STAT3 pathway. Those results were corrob-
orated in vitro in human primary myotubes, in which myogenesis
was activated by hypoxia through increased mRNA levels of
Myf5, MyoD, myogenin, and Mrf4 and was blunted by siRNA
targeting STAT3. Based on those results, it is possible that satellite
cells might have a key role in skeletal muscle adaptations induced
by hypoxic resistance training. Considering the role of
inflammation-induced macrophage activation in satellite cell
function and muscle regeneration, it is tempting to hypothesize
that hypoxia could foster muscle regeneration postexercise and
thus accelerate muscle adaptation to resistance training. Whether
the acute responses to hypoxic resistance exercise translate into
muscle adaptations to resistance training needs to be further
clarified.

Figure 1. The effects of normobaric hypoxia on the responses to an acute resistance training session, when compared with
performing resistance exercise in normoxia at the same % 1 repetition maximum (1RM). Arterial oxygen saturation (SpO2),
erythropoietin (EPO), hypoxia-inducible factor-1 (HIF-1), vascular endothelial growth factor (VEGF), insulin-like growth factor 1
(IGF-1), integrated electromyography (EMG).
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Intramuscular Adaptations

Only limited data exist on the intramuscular mechanisms induced
by normobaric hypoxic resistance training as only 3 studies took
muscle biopsies. The first study did not reveal any difference in
mRNA markers of hypoxia (VEGF and myoglobin), glycolytic
enzymes (PFK), lactate dehydrogenase A/B, or myosin heavy
chain isoforms between hypoxic and normoxic resistance training
(26). A large interindividual variability was found, which prob-
ably contributed to the lack of effects. The second studymeasured
markers for mitochondrial biogenesis and angiogenesis, such as
PGC-1a, citrate synthase (CS) activity, nitric oxide synthase,
VEGF, HIF-1, and capillary-to-fiber ratio (53). The expression or
activity of those intramuscular markers for mitochondrial bio-
genesis and angiogenesis was not different after hypoxic vs.
normoxic resistance training. However, plasma VEGF levels and
capillary-to-fiber ratio were increased only after hypoxic re-
sistance training, not after normoxic training. Those results sug-
gest a greater angiogenesis in skeletal muscle after hypoxic vs.
normoxic resistance training, which could have contributed to the
larger gain inmuscular endurance in hypoxia. The third andmost
recent study aimed at investigating the involvement of satellite
cells in the response to hypoxic compared with normoxic re-
sistance training (95). Despite greater gains in muscle strength
after hypoxic vs. normoxic resistance training, only early myo-
genesis, as measured by higher MyoD and Myf5 mRNA levels,
appeared to be enhanced by hypoxia compared with normoxia.
The protein expression of myosin heavy chain isoforms SDH and
CS (2 markers for oxidative metabolism) and monocarboxylate
transporter 1 and 4 (lactate transporters) were not different be-
tween hypoxia and normoxia. As neither the mRNA or the pro-
tein levels nor the expression of HIF-1a target genes were
different between hypoxic and normoxic conditions, it was con-
cluded that the fewmolecular changes observed in that studywere
independent of HIF-1a. Although larger gains in muscle strength
and mass and in explosivity and speed may be observed after
hypoxic resistance training, the underlying molecular mecha-
nisms remain poorly investigated and understood. More studies
are needed to better understand the intramuscular mechanisms
contributing to muscle adaptations to long-term hypoxic re-
sistance training.

Physiological Responses to Resistance Training
in Hypoxia

Numerous physiological responses have been characterized after
resistance exercise in hypoxia, including metabolic, hormonal,
and hematological parameters (Figure 1).

Relative Exercise Intensity, Exercise Performance

Relative exercise intensity may partly explain the physiological
response to hypoxic resistance exercise. Theoretically, perform-
ing resistance training in hypoxic conditions requires a higher
relative exercise intensity compared with performing the same
resistance exercise in normoxic conditions. Although there is
strong evidence that aerobic performance (e.g., VO2peak and
peak power) is reduced in hypoxia (FiO2 14.0–15.0%) compared
with normoxia (57,74), the resistance training literature is less
clear.

Scott et al. (85) showed that resistance exercise can be per-
formed at 80%1RM in hypoxia (53 5 repetitions; 3minutes rest;
FiO2 13.0%) without any decrement to physical performance,

perceptual ratings, or self-reported muscle soreness. Ramos-
Campo et al. (78) also reported no decrement to power output of
a bench press exercise when performed at 6RM to failure in
normobaric hypoxia (FiO2 13.0 and 16.0%; 3 minutes rest)
compared with the same exercise in normoxia. Furthermore, no
loss of power output occurred during 6 sets of 15 seconds of
maximal jump exercises in hypoxia (FiO2 16.5 and 13.5%;
3 minutes rest) compared with normoxia (5). Karayigit et al. (48)
compared a maximal strength test in hypoxia and normoxia,
showing that 1RM performance of a squat and bench press was
not lower in hypoxia (FiO2 12.0% or 16.0%) compared with
normoxia. However, bench press endurance was decreased in
hypoxia compared with normoxia, and Ramos-Campo et al. (77)
also reported lower peak force and peak power when performing
half squats at 60% 1RM in FIO2 13.0% to failure compared with
normoxia. Therefore, it is possible that maximal strength and
explosive movements performed in small set/rep ranges are un-
affected in hypoxic conditions, but that repeated bouts of high-
intensity resistance exercise to failure may be impaired in hypoxic
conditions. Considering that recovery between exercise sets is
largely influenced by oxidative metabolism, it is not unreasonable
to hypothesize that hypoxia could impair the recovery process
(27). This raises an important consideration in the prescription of
resistance training in hypoxia. Although it appears that training
programs performed to/near failure can elicit favorable training
outcomes, selecting training parameters and a hypoxic dose that
are too intense could reduce exercise performance to an extent
that impacts the long-term training outcomes. If very high-
intensity exercises are prescribed with short interset rest periods,
large set/repetitions, and a severe hypoxic dose (,FIO2 12.0%),
individuals may fail to complete these sets in hypoxic conditions,
thus achieving a lower total training load compared with nor-
moxia. Not all resistance training studies in hypoxia reported the
total training load completed between normoxic and hypoxic
groups, although it is certainly possible to match training loads
using a moderate level of hypoxia and moderate-to-high exercise
intensity/set range, even in older adults (4). For example, adults
aged 60–70 years were able to successfully complete 4 sets and 10
repetitions of upper- and lower-body exercises with 1-minute rest
periods in FIO2 14.4% (4). Across the 8-week training period, the
total load performed by normoxic and hypoxic groups was not
different.

Hypoxia also increases muscle fiber recruitment during re-
sistance training, evidenced by greater integrated electromyog-
raphy values in the vastus lateralis during 3 sets of 10 squats
performed at 60% 1RM in hypoxia (FiO2 16.0%; 1-minute rest)
compared with normoxia (86). Some have theorized that the in-
creased muscle fiber recruitment helps to maintain muscle force
output despite increased fatigue caused by the hypoxic environ-
ment (66,93). Future research is needed to clarify the muscle fiber
recruitment response to hypoxic resistance exercise and the un-
derlying mechanisms.

Sympathetic Nervous System Activity

Although the hypoxic training literature is much more advanced
for endurance exercise than resistance exercise, comparison be-
tween the 2 training modes is difficult in the context of ANS
activity. The endurance training literature often matches hypoxic
and normoxic training groups by relative exercise intensity be-
cause the percentage of maximal oxygen uptake (VO2max) and
heart rate are typically higher in hypoxia at any given absolute
training intensity compared with normoxia (36). This
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methodology typically results in a lower absolute training in-
tensity in hypoxia compared with normoxia, where individuals
reach a given percentage of their VO2max at a lower running/
cycling speed (i.e., wattage) when exercising in hypoxia compared
with normoxia. For example, Morishima et al. (69) instructed
their subjects to cycle at the equivalent of 60% VO2max in both
normoxia and hypoxia. This likely means that subjects achieved
60% of their VO2max at a lower wattage in hypoxia compared
with normoxia. Conversely, resistance training protocols in
hypoxia are typically matched for absolute training load using%
1RM. Performing the same resistance exercise load in hypoxia,
therefore, likely drives sympathetic activity to a greater extent
than normoxia through multiple mechanisms.

Acute hypoxic exposure (e.g., SpO2 77–87%) increases sym-
pathetic activity, likely through the activation of peripheral che-
moreceptors that mediate their actions through a structure in the
brainstem called the rostral ventrolateral medulla (38,100). The
medulla can be directly stimulated by acute hypoxia exposure,
although the severity of hypoxia required for direct stimulation is
likely higher than for peripheral chemoreceptors in the vascula-
ture (92). The high degree of metabolic stress caused by per-
forming exercise in hypoxic conditions (e.g., decreased pH) could
stimulate sympathetic nervous system activity through activation
of the muscle metaboreflex and peripheral chemoreceptors. Re-
gardless of the mechanism, sympathetic outflow to the heart, re-
nal, splenic, and skeletal muscle vascular beds is increased during
hypoxic exercise. Although sympathetic activity has not been
directly measured in hypoxic resistance exercise, Katayama et al.
(49) showed that moderate intensity cycling in hypoxia (FiO2

12.7%) elicits greater muscle sympathetic nerve activity than
normoxia, even when controlling for relative exercise intensity.
This response may partly function to facilitate vasodilation of
blood vessels that supply skeletal muscle, thus compensating for
the reduced O2 supply in hypoxic conditions (a phenomenon
termed “compensatory vasodilation” (46)). The findings of
Horiuchi et al. (44) support this theory, where mean arterial
pressure was lower after hypoxic resistance exercise compared
with normoxic exercise.

A common proxy measure for sympathetic activity in the lit-
erature is heart rate. Filopoulos et al. (25) showed a greater heart
rate during high-intensity resistance exercise (85% 1RM; 5 3 3
repetitions; 3 minutes rest) in FIO2 12.0% compared with nor-
moxia, which suggests greater sympathetic activity in hypoxia.
However, this result is not consistent (86) and likely depends on
factors such as the hypoxic dose, exercise intensity, and interset
rest periods. Álvarez-Herms et al. (5) measured heart rate vari-
ability (HRV) as an indicator of sympathetic activity and showed
no difference between performing 6 sets of maximal effort jumps
in hypoxia (FiO2 13.5 or 16.5%; 3minutes rest) and normoxia. It
would be interesting to investigate if a shorter interset rest period
elicits a greater increase inHRV comparedwith the relatively long
3-minute rest used by Álvarez-Herms et al. (5). A shorter interset
rest period in hypoxia would likely limit recovery between sets
and increase the reliance on aerobic metabolism in subsequent
sets. Greater metabolic stress in hypoxia may increase muscle
fiber recruitment (86) and activate the sympathetic nervous sys-
tem to a greater extent than normoxia. It will be important to
include more athletic populations in future research to determine
the physiological load of performing resistance training in hyp-
oxia during heavy training periods. Given the focus of autonomic
fatigue in overtraining syndrome (76), careful load monitoring
could be important when using hypoxic resistance training during
peak training periods. Future research is needed to explore the

sympathetic response to hypoxic resistance exercise and the
downstream impacts on factors such as muscle blood flow and
cardiovascular function.

Exercise Metabolism

Although individuals can produce relatively high intensities of
resistance exercise in hypoxia, the contribution of energy systems
to adenosine triphosphate (ATP) production are likely different
from normoxia. Exposure to a hypoxic environment reduces
SpO2 and, therefore, can reduce the oxygen available to tissues.
Although increased ventilation and heart rate can partly com-
pensate for the reduced SpO2 during hypoxic exposure (12),
hypoxemia can temporarily reduce oxygen delivery to themuscle,
particularly when hypoxia is combined with high-intensity exer-
cise (89). There is, therefore, less oxygen supply to the mito-
chondria that produce ATP through oxidative phosphorylation
of glucose (i.e., aerobic glycolysis) and beta oxidation of fatty
acids.

Metabolic stress occurs when the demand for ATP exceeds the
ability of the mitochondria to produce ATP through oxidative
phosphorylation (i.e., aerobic metabolism). The decreased oxy-
gen availability during hypoxic exercise likely increases the re-
liance on anaerobic ATP production from phosphocreatine (PCr)
and anaerobic glycolysis (the breakdown of glucose without ox-
ygen) (43,64). Anaerobic glycolysis provides a rapid source of
ATP for high-intensity exercise independent of oxygen, although
a high intensity of exercise cannot be maintained because of the
accumulation of metabolic products such as hydrogen ions (H1),
inorganic phosphate (Pi), and adenosine monophosphate that
cause metabolic stress (reviewed by (96)).

Blood lactate is often used as an indirect measure of anaerobic
metabolism andmetabolic stress. When ATP demand exceeds the
production capacity of the mitochondria during intense exercise,
some of the pyruvate produced by glycolysis is instead converted
into lactate, which accumulates if it cannot be quickly cleared by
the cell (30). Excess lactate is released into the blood where it
accumulates if it cannot be cleared by other tissues such as a less
active muscle (30). Performing resistance exercise (70–85%
1RM) in hypoxic conditions (FiO2 12–14.4%; 5x3-10 repeti-
tions; 1–3minutes rest) typically results higher blood lactate in the
30 minutes postexercise compared with the same training in
normoxia (25,51). Other studies found no effect of hypoxia on
blood lactate after resistance exercise (26,56); however, this may
be attributable to the low intensity of training (6 sets of 25 rep-
etitions at 30% 1RM, 3 sets of repetitions to failure at 10RM,
respectively). Nonetheless, Yan et al. (101) used a relatively high
exercise intensity (53 10 repetitions at 70% 1RM), short interset
rest periods (1 minute), and a strong hypoxic dose (FIO2 12.6%)
and found no differences in blood lactate after hypoxic and
normoxic resistance exercise. The blood lactate response to re-
sistance exercise in hypoxia appears modest compared with
normoxia, and studies with small sample sizes may be unable to
detect the differential response between conditions.

A more direct measure of metabolic stress is to measure
pH after hypoxic exercise. Excess H1 produced in the muscle
during exercise is transported into the bloodstream and sub-
sequently reduces the pH of the blood. Metabolic acidosis occurs
when the rate of H1 production exceeds the ability of the cell to
removeH1 through buffers such as bicarbonate (HCO3

2), amino
acids, and proteins (80). Ramos-Campo et al. (77) showed that
venous HCO3

2 and pH were significantly lower after resistance
exercise performed 3 sets at 100%6RM in FiO2 13.0% (1-minute
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rest) compared with normoxia, suggesting that hypoxia caused
a greater level of metabolic stress than normoxia. The hypoxic
environment likely caused a greater accumulation of H1 (and
thus a lower pH) because the rate of mitochondrial respiration
failed to match the high rate of glycolysis and ATP hydrolysis in
the low oxygen environment. The authors also included a group
that trained in FIO2 16.0%,who did not show significant changes
in venous HCO3

2, pH, or lactate compared with normoxia,
suggesting that a more severe hypoxic dose is required to disturb
acid-base homeostasis with resistance training.

From a performance perspective, the metabolic stress induced
by completing resistance exercise in moderate hypoxia may
contribute to a decreased exercise capacity during maximal, re-
peated sets of resistance exercise. This theory is supported by the
literature, where maximal strength is unaffected by hypoxic
conditions (1RM strength test in FiO2 14 or 16%) (48) but peak
power is reduced during repeated sets of intense resistance exer-
cise in hypoxia compared with normoxia (3 sets of half squats
with 3 minutes rest) (77). Ultimately, prescribing high set ranges,
short interset rest periods, and a lower FiO2% is likely to cause the
greatest level of metabolic stress during resistance exercise in
hypoxia. Although there is currently no mechanistic link, the
greater metabolic stress of hypoxic resistance exercise may en-
hance muscular endurance performance to a greater extent than
the same training in normoxia (53). Exercise professionals should
consider the nature of their sport when prescribing hypoxic re-
sistance exercise, considering whether their aim is to increase
muscular endurance or maximal strength. If coaches are targeting
increases in maximal strength, moderate hypoxic doses (approx.
FIO2 14%) and moderate interest rest periods (1 minute) may be
more ideal to avoid large decreases in maximal force output that
could occur in severe hypoxic conditions with short interset rest
periods.

The mechanisms causing the reduced force output during re-
peated sets of intense resistance exercise in hypoxia are not en-
tirely clear, although could be mediated at the skeletal muscle
level (peripheral fatigue) or at the central nervous system level
(central fatigue, where changes in neural drive can impact muscle
performance (96)). One factor that is uncharacterized in the lit-
erature is the rate of PCr resynthesis during repeated sets of re-
sistance training in hypoxia. Ramos-Campo et al. (78) showed
that oxygen consumption was 28%higher in the 20minutes after
hypoxic resistance exercise compared with normoxic exercise (3
sets of upper-/lower-body exercises at 100% 6RM, 3 minutes
rest). The authors suggested that the greater postexercise oxygen
debt may have been partly caused by a greater requirement for
PCr resynthesis in hypoxia compared with normoxia. The hyp-
oxic studies that used short interset rest periods likely reduced the
degree of PCr resynthesis, given that short rest periods provide
only a small opportunity to restore PCr stores that support ATP
production during intense exercise. High-intensity interval
training (HIT) protocols in hypoxia can improve PCr kinetics
(42), and it would, therefore, be interesting to examine if re-
sistance training in hypoxia can improve PCr kinetics.

Exercise Metabolism: Metabolic Disease

The combination of exercise and hypoxia present an interesting
strategy to improve insulin sensitivity and glucose tolerance in
individuals with obesity and type II diabetes. Resistance exercise
drives muscle hypertrophy and typically increases glucose toler-
ance through increased insulin sensitivity (22) and greater

glycogen synthesis (73). Hypoxia may increase the magnitude of
muscle hypertrophy in response to resistance exercise (70);
therefore, hypoxia could also increase the effect of resistance
training on insulin sensitivity and glucose tolerance. Although the
effect of hypoxic resistance training on metabolic disease has
never been studied, 2 studies characterized the glucose response to
hypoxic resistance training in healthy adults. No effect of re-
sistance training (3 sets of upper-/lower-body exercises at 6RM;
3minutes rest), whether in normoxia or in hypoxia, was observed
on basal blood glucose, plasma triglycerides, total cholesterol,
high-density lipoprotein, or low-density lipoprotein levels in
healthy young adults (62). Fasting blood glucose and total cho-
lesterol were also unaffected by 8 weeks of resistance training in
FIO2 14.4% (43 10 repetitions; 1-minute rest) in older adults (4).
The only study to measure insulin responses to resistance training
in hypoxia found no changes to insulin, homeostatic model as-
sessment for insulin resistance, or blood glucose in the 60minutes
postexercise in healthy older adults (3). After 8 weeks of training,
there were still no changes to fasting or postexercise insulin levels,
although these individuals had a BMI ,25 and were free from
metabolic disease. Future research is needed to determine the
metabolic responses to hypoxic resistance training in populations
with metabolic dysfunction. Research is also needed into glucose
kinetics and insulin action during hypoxic resistance exercise.

We can draw from the endurance training literature to un-
derstand the potential benefits of hypoxic exercise in metabolic
disease. Endurance exercise performed in hypoxia (FiO2 14.6%;
60 minutes at 90% lactate threshold) increased insulin sensi-
tivity in type II diabetic patients to a greater extent than nor-
moxia (59). Hypoxia (FiO2 14.7%) increased the glucose
uptake response to endurance exercise (60 minutes of continu-
ous exercise at 90% lactate threshold) in diabetic patients when
compared with normoxia (60). Moreover, 6 weeks of mixed
training (endurance and resistance exercise; 50–60 minutes of
intermittent cycling at 50–80% MAP and 4 3 6 repetitions of
upper-/lower-body exercises performed at 70% 1RM) per-
formed in hypoxia increased glucose utilization during exercise
in comparison with normoxia in obese adolescents, which is
beneficial for glucose tolerance (18). To date, there are no
studies showing detrimental metabolic responses to hypoxic
resistance exercise, nor any studies that thoroughly characterize
the glucose flux and insulin responses using thorough techni-
ques such as isotope labelling.

Exercise Metabolism: Fuel Utilization and Nutrient Status

There is currently very little focus on fuel utilization or the impact
of nutrient status during resistance exercise in hypoxia. Theo-
retically, there is greater reliance on carbohydrate metabolism to
anaerobically produce ATP in a hypoxic environment (43,64).
Although resistance training protocols are relatively short in du-
ration and unlikely to significantly deplete glycogen stores, future
researchmay investigate the role of nutrient status (carbohydrate,
protein, and fat consumption) on the metabolic responses to re-
sistance training. If athletes are performing multiple sessions of
hypoxic resistance training or performing this training method
after aerobic exercise or fasting, they should consider if their
glycogen status and carbohydrate availability might impair their
ability to anaerobically produce ATP during hypoxic resistance
training. Training in a glycogen depleted state could theoretically
reduce the ability of an individual to perform repeated sets of
high-intensity resistance exercise in hypoxia.
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Hormonal and Hematological Factors

Among themost studied hormonal adaptations, growth hormone
and insulin-like growth factor (IGF-1) levels have repeatedly been
measured at rest, during, and after resistance training in hypoxia.
This is not surprising because of their putative role in muscle
hypertrophy, although the role of growth hormone has been
questioned regularly (28).

Growth Hormone

Human growth hormone (somatotropin) typically increases in
the 60 minutes after resistance exercise (55), where it promotes
tissue metabolism and repair (19). Several studies showed that
hypoxia further increases the magnitude of growth hormone re-
lease in venous blood up to 30 minutes after an acute bout of
resistance exercise (25,51,52,56,101). Three studies have also
showed that the higher circulating growth hormone levels after
hypoxic resistance exercise persist after 5–8 weeks of training
(53,56,101). Some studies suggested that the elevated growth
hormone response may underpin the superior muscle hypertro-
phy and strength adaptations seen in hypoxic training (56,101).
However, Kon et al. (52) found a significant increase in growth
hormone after hypoxic exercise (5 3 14 repetitions of bench
press/leg press at 50% 1RM; 1-minute rest) but not normoxic
exercise, though found a similar increase in muscle CSA in nor-
moxic and hypoxic conditions. Therefore, the greater growth
hormone release in hypoxia was not systematically related to
greater muscle hypertrophy (53). It appears that growth hormone
was not related to muscle hypertrophy after hypoxic training as
previously observed in other conditions (28).

There is more solid evidence that growth hormone administra-
tion stimulates protein synthesis in soft tissues, potentially reducing
the risk of ligament damage and strengthening skeletal muscle
tendon attachments (19). To our knowledge, no one has in-
vestigated tendon and ligament stiffness or elasticity after hypoxic
resistance training. Growth hormone is also widely recognized for
its important role in metabolism, where it promotes lipolysis in
times of fasting and stress (71). These metabolic properties of
growth hormone are important for the maintenance of body
composition and nutrient homeostasis. Although the long-term
effectiveness of regular hypoxic resistance training for weight
management is unclear, Park et al. (72) observed a larger reduction
in fat mass in obese older males after 12 weeks of hypoxic training
(60 minutes treadmill/bicycle at 60–70% heart rate maximum and
3 3 10 repetitions of resistance band exercises) compared with
normoxic training. In contrast, De Groote et al. (18) showed that
mixed aerobic (intermittent cycling at 50–80% MAP) and re-
sistance training (43 6 repetitions of lower-/upper-body exercises
at 70%1RM; 2minutes rest) performed in hypoxia has no additive
effects on fat mass depletion in comparisonwith normoxic training
in adolescents with obesity. Currently, there are no long-term
studies investigating the metabolic responses to hypoxic training,
nor is there any knowledge of the long-term hormonal responses to
this training strategy beyond 8 weeks.

Currently, little is known about the mechanisms mediating the
greater growth hormone response with hypoxia. Growth hor-
mone is regulated by the release of growth hormone releasing
hormone (GHRH) from the anterior pituitary and is stimulated
by factors such as nutrient status, stress, and intense exercise
(reviewed by (50)). Exercise-induced growth hormone release is
likely intensity dependent and is linked with the onset of lactate
threshold (32,33) and the accumulation ofmetabolic subproducts

such as H1 during exercise (34). In vitro studies suggest that
catecholamines stimulate growth hormone secretion from the
pituitary through sympathetic pathways (29). Therefore, the
greater metabolic stress and activation of sympathetic pathways
might contribute to the greater growth hormone response to
hypoxic resistance exercise, although neither Kurobe et al. (56)
(3x elbow extensions performed at 10RM to failure in 12.7%; 1-
minute rest) nor in Yan et al. (101) (5 3 10 repetitions of back
squat at 70% 1RM in FiO2 16% or 12.6%; 1-minute rest) found
changes in blood lactate levels to explain the elevated growth
hormone in hypoxia. Therefore, growth hormone regulation in
hypoxia and the role of growth hormone during and after hyp-
oxic resistance training remains unclear. Future research could
focus on the release of factors that regulate GHRH release from
the pituitary, such as leptin, which is responsive to hypoxia (90)
and influences GHRH release from the pituitary (97).

Contrary to young adults, older adults do not experience an in-
crease in systemic growth hormone after 43 10 sets of 70% 1RM
resistance exercise in 14.4% O2 compared with normoxia (3). Sur-
prisingly, the older adults in this study showed a blunted growth
hormone response to resistance exercise after an 8-week resistance
training program in hypoxia compared with normoxia. The causes
and potential consequences of this response remain unclear. Hyp-
oxic resistance exercise certainly does not appear to be an effective
strategy to combat the age-related decline in growth hormone.

IGF-1

IGF-1 is frequently reported in the literature because of its po-
tential role in muscle hypertrophy. IGF-1 is primarily released
from the liver upon stimulation by growth hormone, although it is
also produced by peripheral tissues including skeletal muscle
where it promotes protein synthesis and inhibits protein degra-
dation (reviewed by (81)). Two studies compared the resting
levels of IGF-1 after hypoxic and normoxic resistance training.
Chycki et al. (14) found higher resting IGF-1 levels after per-
forming resistance training (8 sets of 10 repetitions at 70% 1RM,
3 minutes rest) for 6 weeks in hypoxia (FIO2 12.9%) compared
with normoxic training. Conversely, Kon et al. (53) found that
resting IGF-1 levels were not different after 8 weeks of resistance
training (5 sets of 10 repetitions at 70%1RM, 1.5minutes rest) in
hypoxia (FIO2 14.4%) compared with normoxia. In addition,
Kon et al. (53) found no differences in resting circulating testos-
terone, cortisol, IGF-binding protein-3, red blood cells, hemo-
globin, or hematocrit between normoxic and hypoxic resistance
training. Interestingly, a higher fat-free mass was found in hyp-
oxic conditions in the first (14) but not in the second study (53),
suggesting that IGF-1 could be an essential factor in the hyper-
trophic response to hypoxic resistance training. It is possible that
the higher set ranges and greater hypoxic dose contributed to the
greater responses observed by Chycki et al. (14).

Cortisol

Cortisol typically increases during exercise through sympathetic
stimulation, likely up-regulating lipolysis, protein degradation and
gluconeogenesis to meet the metabolic demands of exercise (10,54).
Although hypoxia might increase the sympathetic response to re-
sistance exercise, hypoxia does not appear to further increase cortisol
in the 60 minutes after resistance exercise (14,40,51–53,56,101).
Yan et al. (101) showed that 5 weeks of high-intensity resistance
training (53 10 repetitions of a back squat at 70% 1RM; 1-minute
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rest) in FiO2 12.6% significantly reduced resting and postexercise
cortisol levels in young healthy male athletes. However, older adults
do not show changes to resting or postexercise cortisol levels after
8weeksof hypoxic (FiO214.4%;4310 repetitions of upper-/lower-
body exercises at 70% 1RM; 1-minute rest) resistance training (3).
Although no differences in testosterone have been reported after
hypoxic resistance exercise in young (101) or older adults (3), Yan
et al. (101) also reported a greater cortisol/testosterone ratio after the
last session of the 5-week hypoxic resistance training program.
Authors explained that the result was because of significantly lower
cortisol levels in the hypoxic group and theorized that this may
represent a more favorable anabolic environment for muscle hy-
pertrophy. Ultimately, it appears that the testosterone and cortisol
responses to resistance training are not substantially different to
traditional normoxic training.

Norepinephrine and Epinephrine

Kon et al. (51) showed that norepinephrine and epinephrine were
significantly elevated in the 60 minutes after moderate intensity
hypoxic resistance exercise (FiO213.0%; 5310 repetitions of bench
press/leg press at 70% 1RM; 1-minute rest) compared with nor-
moxic exercise. Norepinephrine concentrations alter carbohydrate
utilization during exercise by increasing skeletal muscle glycogenol-
ysis and pyruvate dehydrogenase activation (98). Although cat-
echolamines are not directmeasures of sympathetic nervous activity,
the sympathetic nervous system may mediate some of the metabolic
responses to resistance exercise in hypoxia through catecholamine
secretion, although no firm link has been established.

Other Hematological Factors

Plasma hemoglobin, erythropoietin, and hematocrit appear to be
unresponsive to resistance training, whether in normoxia or in
hypoxia (4,37,94). The unchanged hemoglobin and hematocrit
seem logical after hypoxic resistance training considering the
short exposure to hypoxia compared with endurance athletes
who usually increase those parameters using chronic stays at al-
titude (67). An increase in the frequency, duration, and severity of
hypoxia is likely needed to elicit such improvements in red blood
cell mass and associated measures.

Although hypoxia is a known regulator of inflammatory and
immune pathways (16), little is known about the effects of com-
bined resistance training and hypoxia on these factors. This is
surprising given that the immune health and inflammatory status
of athletes is crucial for their participation throughout com-
petitions seasons. In young adults, acute resistance exercise in
hypoxia (FiO2 14.4%; 43 10 repetitions at 70% 1RM; 1-minute
rest) increases the number of circulating neutrophils in the hours
after exercise compared with normoxia (2). The amplified neu-
trophil response may be beneficial for responding to pathogens
and the repair of damaged skeletal muscle after exercise, although
further investigation is needed. Importantly, it appears that per-
forming hypoxic resistance training does not negatively impact
postexercise immunity, with the other 4 major white blood cell
populations unaffected by the addition of hypoxia to training. In
older adults, hypoxia increases the lymphocyte response to re-
sistance exercise (FiO2 14.4%; 4 3 10 repetitions at 70% 1RM;
1-minute rest) to a greater extent than normoxia, which may be
beneficial for immune function (1). Although hypoxia does not
alter the systemic inflammatory cytokine response to acute re-
sistance training in older adults (1), young adults show a greater

increase in plasma interleukin-6 (IL-6) and IFNg after hypoxic
resistance exercise (FiO2 14%; 83 8 repetitions of knee extension
at 80% 1RM; 2 minutes rest), suggesting that hypoxia augments
the inflammatory response to exercise (9).

The use of hypoxic resistance training is a growing strategy that
aims to enhance hypertrophy and strength adaptations. There is
currently no consensus on the overall effectiveness of hypoxic
resistance training for strength and hypertrophy adaptations, nor
the underlying biochemical pathways involved. However, there
are interesting physiological responses that are amplified by
performing resistance training in hypoxia. These include likely
changes to energy system contribution during hypoxic exercise
and amplified metabolic stress, hormone release and cytokine
production, sympathetic nervous system activity, and other
hypoxia-induced cellular pathways. There are currently many
gaps in our understanding of the physiological responses to
hypoxic resistance training, partly caused by the infancy of the
research field and diversity of hypoxic and training parameters.

Practical Applications

Performing resistance exercise in normobaric hypoxia elicits
greater hormonal, metabolic, and skeletal muscle responses
compared with normoxia. Targeting a large metabolic stress
response to hypoxic resistance exercise may elicit the largest
training adaptations, although the exact mechanisms un-
derpinning these training adaptations are not yet clear.
Sporting coaches and sport scientists should carefully select
hypoxic training parameters; selecting a mild hypoxic dose,
low set/rep range, and long interset rest period will likely fail
to elicit superior training adaptations over traditional nor-
moxic exercise. Conversely, selecting a more severe hypoxic
dose, a high exercise intensity and short interset rest periods
may hinder the ability of athletes to reach their 1RM and may
blunt the rate of protein synthesis in their skeletal muscle.
Training parameters that induce high levels ofmetabolic stress
include a moderate hypoxic dose (FIO2#15%), short interset
rest period (1 minute), moderate-high exercise intensity
($70% 1RM), and moderate-large set/rep range ($3 sets
of $10 repetitions, ideally performed to failure, or close to
failure). The future inclusion of athletic populations in the
training literature will help determine the potential benefits of
hypoxic training; few studies have included elite athletes
during competition season to determine how trained individ-
uals may respond both acutely and chronically. Training load
and nutrient status may also be important considerations for
athletic populations to optimize the adaptations to hypoxic
training.
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