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Abstract

Background: Previous research suggests that resistance training in hypoxia can cause
physiological and muscle adaptations. However, this method may not be efficient
for individuals who are training to optimize maximal strength and power. Objective:

This study aimed to investigate the effects of 8 weeks of high-intensity resistance cir-
cuit in normobaric hypoxic conditions on maximal and explosive measures of muscle
strength in upper and lower limbs. Methods: A total of 28 subjects were randomly
assigned to either hypoxia (fraction of inspired oxygen [FIO2] = 15%; HRChyp: n = 15;
age: 24.6 ± 6.8 years; height: 177.4 ± 5.9 cm; weight: 74.9 ± 11.5 kg) or normoxia [FIO2] = 20.9%;
HRCnorm: n = 13; age: 23.2 ± 5.2 years; height: 173.4 ± 6.2 cm; weight: 69.4 ± 7.4 kg) groups.
Training sessions consisted of two blocks of three exercises and the training intensity was fixed
performed at six repetition maximum. Participants exercised twice weekly for 8 weeks, and
upper and lower body power tests were performed before and after the training program.
The statistical analysis applied was a two-way analysis of variance with repeated measures
and Bonferroni post hoc. Results: No significant differences were observed between groups.
However, the hypoxia group showed higher intra-group differences in absolute (N) (F = 7.97;
∆7.3%; p < 0.05; ES = 0.49)and relative (N/Kg) (F = 8.34; ∆7.2%; p < 0.05; ES = 0.49) maximum
push-up force after the training period. Conclusions: Hypoxic circuit training may improve a
specific upper body performance outcome, but no clear advantage over normoxia was observed.

Keywords: environmental training; HRC; performance; hypoxic conditions

1. Introduction

From a physiological view, reduced inspired oxygen availability lowers arterial O2

content and activates oxygen-sensing pathways, primarily via stabilization of hypoxia-
inducible factors (HIFs), which regulate transcriptional programs involved in metabolic
remodeling and angiogenesis, thereby providing a plausible link to longer-term morpho-
functional adaptation [1]. In exercised human skeletal muscle, HIF-1α expression increases
after high-intensity or resistance exercise and is accompanied by vascular endothelial
growth factor (VEGF) mRNA responses, consistent with the role of transient intramuscular
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hypoxia in angiogenic signaling [2]. When resistance exercise is performed in normo-
baric hypoxia, the same external workload can impose a higher internal load (greater
physiological strain and metabolic perturbation), which may amplify adaptive signaling
and contribute to subsequent functional outcomes [3]. Accordingly, recent interventions
and meta-analyses report small, protocol-dependent benefits of normobaric hypoxic resis-
tance training for strength-related outcomes compared with matched normoxia, although
findings remain heterogeneous [4,5].

According to resistance exercise, intermittent hypoxic resistance training (IHRT),
defined as the combination of resistance exercise with reduced inspired oxygen availability
(typically via normobaric hypoxia), has gained substantial attention in both research and
applied settings during the last decade [6]. This approach has been proposed to potentiate
adaptations to resistance training by modifying the internal physiological milieu during
exercise, even when external loads and programming variables are matched. Indeed,
several studies have reported greater hypertrophic responses after training under hypoxic
conditions compared with equivalent programs performed in normoxia [7–9].

In parallel, improvements in maximal strength have also been observed following
heavy resistance training in hypoxia, suggesting that hypoxic exposure may enhance per-
formance outcomes beyond purely morphological adaptations in certain contexts [10].
From a mechanistic standpoint, IHRT has been linked to augmented metabolic stress
during exercise, which has been repeatedly proposed as a key stimulus contributing to
hypertrophy-related signaling and subsequent muscle mass development [11,12]. Beyond
morphological adaptations, improvements in maximal strength and explosive performance
are largely influenced by neuromuscular factors, including motor unit recruitment and
firing behavior, intermuscular coordination, and the ability to rapidly develop force and
power [13]. In this context, IHRT may be relevant not only through potential changes in
muscle size, but also by altering the fatigue and recovery profile during training, partic-
ularly when resistance exercise is performed with short inter-set recoveries and a high
density of work [3].

From a mechanistic perspective, exercising under reduced inspired oxygen availability
can increase peripheral fatigue and perturb homeostasis for a given external workload,
which may necessitate greater recruitment of higher-threshold motor units to maintain
force output [14,15]. Additionally, in circuit-based formats, where repeated efforts are
performed with limited recovery, reduced oxygen availability may influence the kinetics of
recovery between bouts (e.g., phosphagen resynthesis) and thereby place a premium on
maintaining force and power under fatigue [16]. These mechanisms provide a plausible
link between IHRT and performance outcomes, such as maximal force production and
explosive actions, although current evidence remains heterogeneous and any added benefit
of hypoxia over matched normoxic training may be outcome- and protocol-specific [3].

Despite this growing body of evidence, most IHRT interventions have been designed
with a hypertrophy-oriented focus (i.e., moderate loads, relatively high volumes, and
incomplete recoveries) rather than targeting explosive neuromuscular performance [17].
However, resistance training aimed at improving athletic performance frequently incor-
porates maximal intended velocity and explosive intent, which are key features to elicit
task-specific neural adaptations underpinning power production [18]. Consequently, the
transferability of the benefits described for hypertrophy-focused IHRT to training modali-
ties emphasizing rapid force production remains uncertain. This is particularly relevant
because improvements in explosive performance are often driven by neural and coordina-
tive factors, and the extent to which hypoxia meaningfully interacts with these determinants
has not been sufficiently clarified [19].
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To date, only a limited number of studies have examined maximal strength- or power-
oriented resistance training under hypoxic conditions, either using normobaric hypoxia [20]
or moderate terrestrial altitude [9]. For example, Álvarez-Herms et al. [12] reported supe-
rior improvements in lower limb anaerobic performance after 4 weeks of training under
simulated hypobaric hypoxia compared with normoxia, including enhanced mean coun-
termovement jump height during a 60 s repeated jump test and a reduced fatigue index
in the latter phase of the protocol. Likewise, intermittent resistance training at moderate
altitude has been shown to affect the force–velocity relationship, isometric strength, and
muscle architecture [4]. However, available evidence has predominantly focused on lower
limb outcomes, leaving a clear knowledge gap regarding whether similar benefits can be
expected for the upper limbs.

Upper limb explosive performance is highly relevant in many sports and occupational
tasks. However, arms and legs may not respond identically to hypoxia: compared with
the lower limbs, the upper limb musculature generally shows lower O2 extraction and
different regional perfusion regulation during exercise, which may increase sensitivity to
reductions in arterial O2 availability [21]. Therefore, under normobaric hypoxia and short
recoveries, the upper limbs may experience a relatively greater local deoxygenation/fatigue
stimulus for a given external workload, potentially making any additional effect of IHRT
more detectable in explosive pushing tasks [22]. Nevertheless, evidence remains limited
and limb-specific, so this rationale is presented as a plausible explanation rather than a
definitive mechanism.

Thus, the primary aim of this study was to investigate the effects of 8 weeks of high-
intensity resistance circuit (HRC) combined with normobaric hypoxia on maximal and
explosive measures of muscle strength in upper and lower limbs. In this line, our hypothesis
is that, compared to normoxia, a high-intensity strength training circuit in normobaric
hypoxia will generate superior improvements in upper limb explosive performance.

2. Materials and Methods

2.1. Design

To test the effects of 8 weeks of circuit resistance-based training in normoxia and
hypoxia on power strength performance, a quasi-experimental single-blinded randomized
controlled trial was developed. Participants were allocated in a randomized order, using a
specific software (https://www.randomizer.org, (accessed on 1 May 2024)), in two experi-
mental groups: (a) performing 8 weeks of resistance circuit-based training in normobaric
hypoxia (HG; FiO2 = 15%) and (b) performing the same training in normoxic condition (NG;
FiO2 = 20.9%). Both groups performed the training sessions in a normobaric chamber (CAT
430, Colorado Altitude training, LOU, CO, USA) placed in the laboratory at an altitude
of 475 m above sea level. The system partially reduced oxygen pressure/airflow within
the chamber through generators (CAT-12, Colorado Altitude Training, LOU, CO, USA)
containing pressurized air serially connected to air filters that allowed oxygen reduction in
the airflow input to the chamber. Barometric pressure in the chamber was equivalent to the
sea level. The hypoxia group trained with a partial fraction of oxygen (FiO2) of 15% (which
simulated an altitude of 3400 m, according to the manufacturer’s instructions). However,
this altitude was controlled by an electronic device (HANDI+, Maxtec, Salt Lake City,
UT, USA).
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2.2. Participants

Twenty-eight healthy male subjects with at least 4 years of resistance training expe-
rience were involved in the experimental process. The subjects were randomly assigned
to either the normoxic resistance training group (NG, n = 13) or the hypoxic resistance
training group (HG, n = 15). Participants were excluded if they presented any injury or
neuromuscular disease. Training and testing protocols were explained, and all participants
signed an informed consent to participate in the study. The protocol was reviewed and
approved by the Camilo José Cela University bioethics committee (11_24_CrossfitRM;
approved on 1 July 2024), following the guidelines of the Declaration of Helsinki, updated
at the World Medical Association Assembly in Fortaleza (2013) for research on human
subjects. Each participant was assigned a code to maintain their anonymity.

2.3. Testing Protocol

Three different sessions were used to carry out the testing protocol. On the first day,
all subjects visited the laboratory to familiarize themselves with the testing and training
protocols the week before starting the training sessions. Pre- and post-tests were carried
out 72 h after the last intense workout to allow complete recovery from the training. The
testing session included movement jump (CMJ) and push-up test and were carried out 2 h
after subjects had a standardized breakfast monitored by a professional nutritionist from
the research group. Moreover, all subjects performed the assessments on the same day and
at the same time under similar environmental conditions (temperature 20–24 ◦C, relative
humidity 45–55%). After finishing the study, all sessions were repeated in the same order.
Figure 1 shows the testing procedures and study design.

Figure 1. Study design flow-chart.
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2.4. Jump Test

CMJ was assessed using a wireless dual force plates system with a sample rate of
1000 Hz (Hawkin Dynamics Inc., Westbrook, ME, USA). All participants were familiarized
with this exercise and given the sensitivity of force–time CMJ outcomes to technique,
participants were instructed to descend as fast as possible to standardize countermovement
timing/stretch-shortening cycle (SSC) strategy use and to keep hands on hips to remove
arm swing, which can augment vertical impulse and confound lower limb mechanical
outputs. A specific warm-up consisting of 5 min of cycling at 75 w, followed by active
stretching and three submaximal jumps, was performed before testing. All participants
executed three attempts, and the best result was considered. In relation to rest time between
attempts, 2 min were allowed to diminish the effects of fatigue. After this, jump height
(cm) and maximal power output (W/Kg) variables were obtained. Through the following
equation, h = vi2•2g−1, jump height (h) was calculated from the take-off vertical velocity
(vi). In addition, through the data extracted from the force platform as the product of
vertical force by instantaneous vertical velocity of the system’s center of mass, peak power
was calculated.

2.5. Push-Up Test

Ballistic push-up testing was performed 5 minutes after the CMJ using the same force
plates, according to the protocol described by García-Massó et al. [23] (Hawkin Dynamics
Inc., Westbrook, ME, USA). Participants were instructed to place their hands in the center
of the force plate, shoulder-width apart, and with feet on the floor in a standard push-up
position. The participants performed three ballistic push-ups (with only their body weight),
separated by 3 min of rest, and the best attempt was analyzed. Previously, 10 push-ups
(non-ballistic) and 2 submaximal ballistic push-ups were performed as a task-specific warm-
up. An attempt was considered successful when participants achieved a clear flight phase,
operationally defined as both hands leaving the force plates, as evidenced by a marked
reduction in vertical force below 20 N (or <5% of body weight) for at least 50 ms, followed
by a clean bilateral re-contact on the plates. Trials were repeated if a flight phase was not
observed, if hand placement changed substantially during the attempt, or if re-contact
occurred outside the plates. The ‘best attempt’ was defined as the trial yielding the highest
peak vertical force (N), which was the primary kinetic outcome for this test. Relative peak
force was calculated by normalizing peak vertical force to body mass (N/kg) and thus was
derived from the same selected trial.

2.6. Strength Test

6RM loads were determined in the second session, according to Martínez-Guardado
et al. [2], to evaluate muscular strength, but also because the training protocol would be
performed with such loads. The order of the exercises was the same as that used in the
training protocol: bench press, leg extension, front lat pulldown, deadlift, elbow flexion
(preacher curl), and ankle extension. To calculate the 6RM loads, subjects performed 3 sets
of each exercise using the following sequence: 10 repetitions at 50% of the perceived 6RM,
1 min of rest, 8 repetitions at 75% of estimated 6RM, 2 min of rest, and 1 set of the exercises
to volitional fatigue at 100% of estimated 6RM. If a subject performed +1 repetition, the
training load was adjusted by approximately +2.5, and if a subject completed +2 repetitions,
the training load was adjusted by 65% [24]. The subjects were allowed to do 5 attempts at
maximum with 5 min of rest between each attempt. The rest period between exercise was
5 min. Before testing, a warm-up consisting of 5 min of cycling at 75 w, followed by active
stretching and 10 repetitions at 50% of the perceived 1RM for each exercise, was performed.
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2.7. Training Program Procedure

Participants performed a high-intensity resistance circuit (HRC) training program [7],
which consisted of two short circuits (blocks) with 35 s of rest between exercises (that
allowed enough time to move safely from one exercise to the next), a 3 min rest between
each set of three exercises within a block, and a 5 min rest between blocks. Block 1 consisted
of bench press, leg extension, and front pulldown exercises. Block 2 involved deadlift,
elbow flexion (preacher curl), and ankle extension (calf raise). Participants performed
3 sets of each exercise of the block in the same order that has previously been described.
Block 1 always preceeded Block 2 in each HRC training session. Two training sessions per
week were performed by each participant. There were more than 48 h of rest between each
training session (Figure 2).

 

Figure 2. Research design.

A general warm-up in normoxia prior to the workout session was performed, which
included 5 min of submaximal running at 8.5 km/h, followed by 5 min of active stretching
of all major muscle groups. Also, a specific warm-up, consisting of 3 sets of the exercises
of the first block, was completed using the following sequence: 10 repetitions at 50% of
6RM for each exercise, 1 min rest, 8 repetitions at 75% of 6RM, 2 min rest, and repetitions to
failure with the 6RM load. This specific warm-up was used to ensure that participants lifted
loads that allowed for only six repetitions (∼85–90% of 1RM). If necessary, the training
load was adjusted by ±2.5% if a subject performed ±1 repetition and by ±5% if a subject
completed ±2 repetitions. The specific warm-up and the training session were performed
according to the group assignment, either in hypoxia or in normoxia. All training sessions
and rest periods were strictly controlled by an experienced lifter. Table 1 shows the training
program performed during the 8 weeks of the study.

Table 1. Training program performed during the study.

Week 1 2 3 4 5 6 7 8

Set 2 3 3 2 3 3 4 2
Repetitions 6 6 6 6 6 6 6 6

% 6RM 90 95 100 100 100 100 100 100
RM: Repetition maximum.

2.8. Statistical Analysis

The statistical analysis was carried out with SPSS for Windows statistical package (ver-
sion 24.0; SPSS, Inc., Chicago, IL, USA). The Shapiro–Wilk test was applied in order to verify
a normal distribution of data, and Levene’s test was used to assess the homoscedasticity of
variance. After this, a two-way analysis of variance with repeated measures and Bonferroni
post hoc test was used to investigate the main effects and the interaction between group
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factor (hypoxia vs. normoxia) and time factor (pre-training vs. post-training). The effect
size (ES) of the intervention was calculated using Cohen’s guidelines and were classified as
small (>0.2), moderate (>0.6), large (>1.2), and very large (>2.0) [25]. For all procedures, a
level of p ≤ 0.05 was selected to indicate statistical significance. The statistical power was
calculated at posteriori by effect size. The sample size (n = 28) was large enough to obtain
an effect size value between 1.06 and 1.36, considering a sensitivity to detect real effects of
change between 80 and 95%.

3. Results

Table 2 shows the sociodemographic, anthropometric, and body composition informa-
tion of the participants.

Table 2. Participants’ characteristics.

Parameters HG (Mean ± SD) NG (Mean ± SD)

Age (years) 24.61 ± 6.79 23.24 ± 5.16
Height (m) 177.42 ± 5.91 173.44 ± 6.21
Weight (kg) 74.86 ± 11.45 69.44 ± 7.35

Body Mass Index 25.90 ± 1.30 23.20 ± 2.49
Lean Body Mass (kg) 60.48 ± 7.87 56.40 ± 5.04

Fat Mass (%) 14.47 ± 5.51 16.28 ± 5.54

Table 3 shows the results of push-up and jump test before and at the end of the training
program in both groups. There were no significant intra-group differences between pre-
and post-training CMJ values in both groups. Also, no significant differences were observed
between groups before and after the training program. However, after training, higher
absolute (N) (F = 7.97; ∆7.3%; p < 0.05; ES = 0.49) and relative (N/Kg) (F = 8.34; ∆7.2%;
p < 0.05; ES = 0.49) maximum (Figure 3) and relative (Figure 4) push-up force was observed
in HG compared to pre-training values.

Table 3. CMJ and push-up values for hypoxia and normoxia groups (mean ± SD).

Pre-
Training

Post-
Training 95% CI for Difference Group

Effect
Time
Effect

Group
× Time

Mean SD Mean SD ES p η
2

p
Mean

Difference
Lower
Bound

Upper
Bound

Height Jump (cm) HG 29.6 5.5 29.7 4.7 0.02 0.901 0.024 0.1 −1.5 1.6 0.447 0.801 0.939NG 31.2 6.3 31.3 5.8 0.03 0.816 0.1 −1.7 1.4

Maximum Power
CMJ (w)

HG 3547.5 774.9 3497.5 691.8 0.06 0.517 0.002 −50.0 −206.8 106.8 0.847 0.824 0.487NG 3461.7 506.2 3487.6 540.3 0.05 0.737 25.8 −131.0 182.6

Maximum Force
Push-Up (N)

HG 871.0 124.0 934.7 209.6 0.49 0.033 * 0.023 63.7 5.5 121.9 0.457 0.009 0.713NG 835.3 124.1 884.2 142.5 0.37 0.096 48.8 −9.3 107.0

Maximum Force
Push-Up (N/kg)

HG 11.7 1.7 12.6 2.9 0.49 0.034 * 0.003 0.9 0.1 1.6 0.968 0.008 0.772NG 11.8 1.2 12.5 1.4 0.53 0.079 0.7 −0.1 1.5

HG: Hypoxia group; NG: normoxia group; * = refers to intra-group differences; ES: Cohen’s effect size; η2
p:

between-group effect sizes.
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Figure 3. Values of maximum force (N) per subject and group pre- and post-training program.
* = refers to intra-group differences; • = individual response in the variable for the hypoxia group;
• = individual response in the variable for the normoxia group; ♦ = refers to the mean value for the
variable for the hypoxia group; ♦ = refers to the mean value for the variable for the normoxia group.

Figure 4. Values of maximum relative force (N/Kg) per subject and group pre- and post-training
program. * = refers to intra-group differences; • = individual response in the variable for the hypoxia
group; • = individual response in the variable for the normoxia group; ♦ = refers to the mean value for
the variable for the hypoxia group; ♦ = refers to the mean value for the variable for the normoxia group.

4. Discussion

To our knowledge, this is one of the first studies examining the effects of
8 weeks of high-intensity resistance circuit training performed under normobaric hypoxia
(FiO2 ≈ 15%) versus normoxia on both maximal and explosive strength outcomes in the
upper and lower body. The main finding was that the training program was associated
with small improvements in selected upper body strength outcomes, while lower-body
explosive performance (CMJ height/power) did not clearly change. Importantly, the nor-
moxia group showed comparable trends, and we did not observe significant between-group
differences, suggesting that any additional benefit of hypoxia, under the present protocol,
is likely modest and outcome-specific. Collectively, these results are consistent with the
broader literature, indicating that resistance training performed in hypoxia may improve
certain strength-related outcomes, although effects are heterogeneous and appear highly
dependent on methodological variables (e.g., exercise selection, intensity, rest intervals, set
configuration, total volume, and hypoxic dose) [26].
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Regarding upper body performance, the hypoxia group showed a significant increase
in peak and relative force during the ballistic push-up; however, the normoxia group
exhibited a similar magnitude change that approached significance. Therefore, this finding
should be interpreted primarily as a training-related adaptation rather than evidence of a
clear hypoxia-specific advantage, especially given the absence of significant between-group
differences. Importantly, generalizability is limited because the bench press was the only
exercise in the program that substantially targeted horizontal pushing musculature. As the
ballistic push-up is a reliable measure of upper body strength/power and is closely related
to bench press performance, improvements may partly reflect task-specific transfer and
neuromuscular learning that would be expected in both conditions [27,28]. Mechanistically,
normobaric hypoxia can increase acute internal load and physiological strain for a given
external workload [3], which could theoretically influence neural drive and motor unit
behavior during repeated high-intensity efforts. Nevertheless, comparable high-resistance
circuit interventions have reported largely similar neuromuscular adaptations in hypoxia
and normoxia, including H-reflex-related indices, and meta-analytic evidence suggests
that any additional strength benefit of hypoxic resistance training over matched normoxic
training is generally small and protocol-dependent [29,30].

Regarding lower-body outcomes, CMJ height and power did not show clear im-
provements following hypoxic traning, and no significant between-group differences were
observed. This is broadly consistent with the mixed evidence on IHRT for jump-related
outcomes, where changes in CMJ performance are often small or unclear when training
loads and programs are matched between hypoxia and normoxia [17,31]. Notably, Inness
et al. [10] reported a small increase in CMJ peak power after heavy IHRT, yet the between-
group difference remained unclear, reinforcing the interpretation that hypoxia does not
reliably add benefit for explosive lower-body outcomes.

Contrary to upper body, a major design-related limitation that likely explains our
null CMJ findings is the lack of specific lower body explosive training content. Given the
well-established principle of training specificity, CMJ improvements typically require a
sufficiently specific stimulus emphasizing high movement velocity and/or plyometric–SSC
demands. In this line, previous research has shown meaningful CMJ adaptations within
~6–8 weeks when training includes plyometric/complex or power-oriented elements [32,33].
Therefore, the absence of CMJ changes in the present study is more plausibly attributed to
limited transfer from a circuit format not designed to target explosive lower limb mechanics
rather than to insufficient intervention duration per se. Finally, our findings align with
current evidence indicating that outcomes of hypoxic resistance training are highly sensitive
to programming and hypoxic-dose, which may determine whether adaptations are more
‘strength-like’ versus ‘power-like’ [5,34].

In practical terms, high-intensity resistance circuit training performed under moderate
normobaric hypoxia (FiO2 ≈ 15%) appears feasible and does not seem to impair neuromus-
cular adaptations compared with the same program in normoxia. However, the circuit was
not designed as a power-focused intervention, particularly for the lower body, and did not
include explosive/ballistic lower limb exercises; thus, this mismatch between the training
stimulus and the selected power outcomes is a major limitation and likely explains the null
lower body findings. Therefore, if improving power is the primary goal, power-specific
exercises and loading strategies should be prioritized, with hypoxia considered only as a
potential adjunct.
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5. Conclusions

Overall, 8 weeks of high-intensity resistance circuit training performed under nor-
mobaric hypoxia was associated with a small improvement in one upper body strength
outcome, while other outcomes showed trivial-to-small changes. Importantly, the normoxia
group demonstrated similar trends and no significant between-group differences were
observed; therefore, the added value of hypoxic exposure over matched normoxic training
remains unclear in the present study. Lower-body explosive performance did not clearly
change, which is likely related to the lack of lower limb power-specific training content,
highlighting the principle of training specificity. Future studies using larger samples and
power-oriented lower-body exercises are needed to determine whether hypoxia can provide
incremental benefits for strength and power adaptations.
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