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Abstract

Background: Repeated high-intensity intervals under normoxic (NOR) and hypoxic (HYP)
conditions is a training strategy used by athletes. Although different protocols have been
used, the effect of longer recovery between repetitions is unclear. In addition, information
on the effect of repeated high-intensity intervals on HYP in women is scarce. Aims:
To analyse the differences between sexes and between conditions (NOR and HYP) in
Repeated Wingate (RW) performance and neuromuscular fatigue in triathletes. Methods:
A total of 12 triathletes (men: n = 7, 23.00 ± 4.04 years; women: n = 5, 20.40 ± 3.91)
participated in this randomised, blinded, crossover study. In two separate sessions over
seven days, participants performed 3 × 30” all out with 7′ of recovery in randomised NOR
(fraction of inspired oxygen: ≈20%; ≈300 m altitude) and HYP (fraction of inspired oxygen:
≈15.5%; ≈2500 m altitude) conditions. Before and after RW, vertical jump tests were
performed to assess neuromuscular fatigue. Oxygen saturation, power, perceived exertion,
muscle soreness and heart rate parameters were assessed. Results: Significant differences
were reported between sexes in the parameters of vertical jump, oxygen saturation, RW
performance and heart rate (p < 0.05). However, between conditions (NOR and HYP), only
differences in oxygen saturation were reported (p < 0.05). No significant differences were
reported between conditions (NOR and HYP) in RW performance, neuromuscular fatigue,
muscle soreness and perception of exertion. Conclusions: A 3 × 30” RW protocol with
7′ recovery in HYP could have no negative consequences on performance, neuromuscular
fatigue and perception of exertion in triathletes compared to NOR, independently of sex.

Keywords: cycloergometer; repeat-sprint ability; power; oxygen; vertical jump

1. Introduction
Triathlon is an endurance sport that combines swimming, cycling and running over

different distances [1]. Specifically, during the cycling sector, large groups break to improve
their position. These breaks occur with efforts at intensities close to the maximal oxygen
uptake (VO2 max) [2]. Given the above, it is key that the athlete can produce short, intense
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efforts separated by recovery periods, which has been termed repeated-sprint ability
(RSA) [3,4].

The Wingate test is a comprehensive 30-s ergometric test in which the athlete ped-
als against a resistance set according to a percentage of their body weight [5]. Re-
peated Wingates (RWs) are one method of RSA training [6], being a valid training strat-
egy [7]. Although most studies using RW have been performed under normoxic conditions
(NOR) [8–10], the implementation of this protocol under hypoxic conditions (HYP) has
also been studied [11–14], using different training protocols: 6 × 30” with 2′ recovery [7],
3 × 30” with 4.5′ recovery [12,14] or 4 × 30” with 4.5′ recovery [11].

The reduced oxygen concentration in the HYP condition results in energy supply limi-
tations, metabolite accumulation and impaired muscle contraction, among others [15,16]. It
is known that RSA protocols in HYP conditions increase heart rate (HR), minute ventilation,
oxygen debt, muscle deoxygenation and lactate, compared to NOR conditions [17,18]. Sim-
ilarly, performing RSA in an HYP environment is likely to cause significant neuromuscular
fatigue compared to NOR conditions [18,19].

Previous studies indicated that HYP does not affect the performance of a Wingate
test [20,21]. Regarding RW, Takei et al. (2020) reported no significant differences in perfor-
mance after performing 3 × 30” RW with 4.5′ recovery under HYP and NOR conditions [14].
Also, Takei et al. (2021) reported that, despite increased arterial hypoxaemia, a 4 × 30” RW
protocol with 4.5′ recovery had no effect on performance and metabolic and neuromuscular
adjustments [11].

Several studies have explored how different recovery durations affect RSA, employing
diverse protocols. Among these, 30-s recovery intervals are the most used [9]. The decrease
in energy production during RSA is influenced by the exercise–rest ratio [22]. Previous
studies observed lower power loss at exercise–rest ratios of 1:3 compared to 1:1 and 1:2, in
HYP and NOR conditions [23]. This suggests that with a lower exercise-to-rest ratio, the
additional impact of hypoxia on RSA is reduced [23].

Various studies have analysed and described the acute and chronic changes in physical
exercise under HYP conditions in recent years [24,25]. However, despite the large amount
of the literature on specific responses to HYP, most studies were conducted in men [24,26].
In the review by Girard et al. (2017), within future lines of research, they highlighted that
further research was needed to analyse sex differences during RSA [17]. The acute effect of
HYP on RSA in women is scarce [23,27,28], and studies that differentiate between sexes are
even scarcer. Men and women show anthropometric and physiological differences, which
may make them respond differently to exercise-induced metabolic stress [29,30]. While sex
differences in physiological responses have been described in NOR, it is not clear in the
HYP condition [24,31].

Although there are recent studies showing that acute HYP exposure does not compro-
mise performance during long repeated efforts with almost complete recoveries [11,12,14],
information on the effect of longer recoveries is scarce. Therefore, the present study has
two objectives: (i) to analyse the influence of HYP on performance and neuromuscular
fatigue after an RW protocol with prolonged recoveries; (ii) to analyse sex differences
in performance and neuromuscular fatigue after an RW protocol under HYP and NOR
conditions. We hypothesised the following: (i) HYP exposure will decrease performance
in an RW protocol and increase neuromuscular fatigue compared to the HYP condition;
(ii) performance will be lower in female athletes compared to male athletes in both HYP
and NOR conditions; (iii) performance will be lower in female athletes compared to male
athletes in both HYP and NOR conditions; (iv) performance will be lower in male athletes
compared to male athletes in both HYP and NOR conditions; and (v) performance will be
lower in female athletes compared to male athletes in both HYP and NOR conditions.
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2. Materials and Methods
2.1. Study Design

A randomised, crossover, blinded study was conducted. The research lasted 15 days.
Each participant completed two experimental sessions, separated by one week to reduce
training adaptations. All assessments were conducted in the afternoon and in the same
order to avoid bias due to circadian rhythm interference. Randomisation was conducted
using a website (www.randomizer.org).

Each participant performed two vertical jump tests before and after performing RW
(3 × 30” all out) in different conditions: NOR (fraction of inspired oxygen [FiO2] ≈ 20%;
≈300 m altitude) and HYP (FiO2 ≈ 15.5%; ≈2500 m altitude). Oxygen (O2) concentration
in the hypoxia chamber, pulse oxygen saturation (SpO2) and HR were monitored during
repetitions and recovery. Subjective perception of exertion (RPE) and muscle soreness were
also recorded.

To avoid interpretation by the participants, both assessments were performed in the
hypoxia chamber (mean temperature before the start of the test 26.4 ◦C; mean temperature
after the end of the test 27.4 ◦C; 65% relative humidity). Participants were instructed to
avoid ergogenic supplements. All tests were conducted at an altitude of ~20 m above
sea level.

Participants performed a warm-up on a cycloergometer at free intensity for 7′. Af-
terwards, they performed 5 repetitions of squats with vertical jump. Inside the chamber,
after 15′ at rest, they performed a 5′ warm-up on the cycloergometer where they per-
formed the test. Figure 1B shows the different assessments depending on the parameter to
be evaluated.

Figure 1. Study design. (A): General study protocol. (B): Timing of collection of the different
parameters analysed during the protocol. HR: heart rate; SJ: squat jump; CMJ: countermovement
jump; RPE: rating of perceived exertion; VAS: visual analogy scale; SpO2: pulse oxygen saturation.

www.randomizer.org
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2.2. Participants

An initial recruitment was carried out in different triathlon teams of the first Catalan
division in the province of Barcelona. From the recruitment, 20 participants were interested.
However, due to time incompatibility, 8 participants did not start the study (Figure 2). A
total of 12 triathletes (men: n = 7; women: n = 5) participated in the present study. The
characteristics of the subjects are shown in Table 1. All participants were triathletes of the
Catalan League, 10 of them competing at national or international level, lived near sea level
(<200 m) and had not been exposed to hypoxic environments in the 6 months prior to the
study. After sample recruitment, post hoc analysis of the sample size was performed. The
12 participants represented a statistical power of 0.64 for an effect size of 0.5 and an alpha
error of 0.05.

Figure 2. Study design flow-chart. HYP: hypoxia; NOR: normoxia.

All participants were informed about the purpose of the study and signed a consent
form before enrolment. The research design was approved by the TecnoCampus (Universi-
tat Pompeu Fabra) ethics committee (approval number: 1/2024). The study was conducted
in accordance with local legislation and institutional requirements. Each participant was
assigned a code at sample collection and processing to maintain anonymity. Participants
were encouraged to reduce the volume and intensity of their training two days prior to the
assessments. Also, the intake of 6–8 g/kg/day of carbohydrate in the 48 h prior to the as-
sessments was recommended [32]. During the signing of the informed consent, participants
completed a form on general training and performance characteristics (Table 1).

To be included in the study, participants had to meet a number of criteria: (i) 18–30 years
of age; (ii) be federated; (iii) 3 years of experience competing in triathlon; (iv) not suffer
from any type of injury or illness that reduces or limits performance; (v) not consume
medications or drugs; (vi) not have trained under hypoxia or at high altitude in the last
6 months; (vii) not consume sports supplements that may influence muscle oxygenation or
neuromuscular fatigue during the study; (viii) have trained regularly, without significant
injury, during the last 3 months.
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Table 1. Participant characteristics.

Total (n = 12) Men
(n = 7)

Women
(n = 5) p

Age (years) 21.91 ± 4.03 23.00 ± 4.04 20.40 ± 3.91 0.292

Weight (kg) 63.08 ± 8.06 67.57 ± 7.23 56.80 ± 3.96 0.013

Height (m) 1.71 ± 0.07 1.76 ± 0.04 1.64 ± 0.04 0.001

Competition level (n)

Regional 3 2 1

National 8 5 3

International 1 - 1

Weekly training (last month)
Days 5.91 ± 1.50 6.14 ± 1.21 5.60 ± 1.94 0.563

Hours 13.25 ± 5.89 13.42 ± 4.61 13.0 ± 7.96 0.908

Best time 5 km run race (min) 17.25 ± 1.70 16.06 ± 0.71 18.92 ± 1.12 <0.001

Best time 10 km run race (min) 37.07 ± 5.28 33.65 ± 1.67 42.20 ± 4.53 0.003

MPO obtained in 5′ test (W) 329.90 ± 57.13 357.00 ± 39.52 266.66 ± 37.85 0.010

MPO obtained in 10′ test (W) 275.50 ± 49.39 293.57 ± 41.37 233.33 ± 45.09 0.003
MPO: median power output.

2.3. Altitude Simulation

All tests (NOR and HYP) were performed in the hypoxic chamber (King Size resting
chamber; 212 cm long × 200 cm wide × 160 cm high, Biolaster, Guipúzcoa, Spain). The
chamber was connected to a hypoxic generator (Hypoxic Summit II, Biolaster, Spain;
38 cm × 48 cm base and 68 cm height; minimum flow rate 60 L/min). Under NOR
conditions, to avoid subject interpretation, the generator was activated at the lowest possible
altitude (simulated theoretical altitude ≈ 150 m). In HYP conditions, the generator was
activated at a simulated theoretical altitude of ≈3000 m. As shown in the figure, the actual
altitude reached was ≈2500 m (FiO2 ≈ 15.5%). The %FiO2 was monitored with an oxygen
sensor (R-17VAN, Biolaster; Spain) calibrated before the titrations. In all conditions, only
one person per test was allowed inside the chamber to avoid excess carbon dioxide (CO2).
NOR-HYP blinding of participants was achieved by covering all monitor screens.

For HYP and NOR, participants started inhaling chamber air 15 min before the specific
warm-up. Figure 3 shows %FiO2 before (PRE) and after (POST) each repetition (REP) under
different conditions (NOR and HYP).

PRE REP 1 POST REP 2 PRE REP 2 POST REP 2 PRE REP 3 POST REP 3

14

16

18

20

22

F
iO

2
(%

)

NORMOXIA

HYPOXIA

Figure 3. Inspired oxygen fraction in different conditions; FIO2: inspired oxygen fraction;
REP: repetition.
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2.4. Oxygen Saturation

SpO2 was continuously monitored with two devices placed on the index finger, one on
each hand (Nonin WristOx2™, Model 3150, Plymouth, MN, USA). The sensor was attached
to the left index finger and held at the wrist to ensure that it did not move during sprinting.
Recording was performed at different times during the assessments: outside the chamber,
inside the chamber (post 15′ inside), before the start of each high-intensity repetition, just
after each high-intensity repetition and at 2′, 4′ and 6′ of recovery (Figure 1). The highest
value of the two devices was selected for analysis.

2.5. Neuromuscular Assessment

Neuromuscular performance was analysed using the vertical jump test. Two repeti-
tions of Squat Jump (SJ) and countermovement jump (CMJ) were performed before and
after (1 min) WR. For the SJ, participants began the movement with their knees bent at a
90◦ angle and their hands placed on their hips, then executed the vertical jump with
maximum effort. For the execution of the CMJ, the participants started the action from
an upright position with their hands resting on their waists. Maintaining the position,
participants performed a knee flexion–extension followed by a jump of maximum possible
intensity. A contact platform (Chronojump Boscosystems, Barcelona, Spain) was used and
jump height and flight time were recorded. Two repetitions of SJ and CMJ were performed,
with a 30-s rest between jumps. The best jump was selected for analysis. Jump tests are
quick and easy to perform, and many of the methods have been scientifically validated [33].

2.6. Repeated Wingate Protocol

Before starting the RW protocol, participants were seated for 15 min in the hypoxia
chamber. They then completed a 5-min warm-up by cycling at low intensity (≈100 W).

The RW protocol consisted of 3 × 30” all out alternating with 7′ passive recovery
periods. The workload during the all-out sets was 7.5% of each participant’s body weight.
A cycloergometer (SOFT CARDGIRUS PRO1.2 3D; Cardgirus, Barcelona, Spain) was used
for the tests. Data were recorded for maximum power output (PPO), mean power output
(MPO) and fatigue index (FI) for each sprint. Seat positions were individually adjusted
and repeated for each session. Both the sprints and the recovery phases were performed
seated on the cycloergometer. Participants were encouraged during the sprints to maintain
maximum intensity. Also, the cycloergometer monitor was covered during the sprints.
Participants performed the test wearing their own running shoes.

2.7. Heart Rate, RPE and Muscle Soreness

HR was monitored at a frequency of 1 Hz using a chest strap sensor (Polar H10,
Polar, Kempele, Finland). Pre-exercise HR was lowest during 15′ of rest in the hypoxia
chamber. HRmax (maximum HR) was the maximum obtained in each repetition of 30′

all out. Regarding recovery, the mean HR was recorded during the 7′. Similarly, at rest,
before and after each repetition, participants assessed their RPE (Borg scale 6–20) where
6 was defined as ‘very, very light’ effort and 20 as ‘maximum, strenuous’ effort [34] and
muscle soreness by visual analogy scale (VAS) (0–10 scale) where 0 was defined as ‘minimal
soreness’ and 10 as ‘maximal soreness’. These methods of perceptual assessment have been
used previously [35].

2.8. Statistical Analysis

Statistical analysis was performed with IBM® SPSS® Statistics version 22 (IBM Corp.,
Armonk, NY, USA). The Shapiro–Wilk test was used to determine the normality of the data.
Three-factor and two-factor (sex, condition and time) Analysis of Variance (ANOVA) tests
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were performed. Bonferroni post hoc was also applied for the time factor. Figure 6 shows
the ANOVA statistical analysis for each repetition. On the other hand, for the percentage
change in neuromuscular fatigue, a Student’s t-test for independent samples was performed.
The effect size was calculated using partial eta squared (ηp2), where 0.01–0.06, 0.06–0.14
and >0.14 were considered small, moderate and large effect sizes, respectively [36]. The
value of p < 0.05 was established as a statistically significant difference.

3. Results
The following section presents the results obtained in the study. Table 1 shows the

participants’ characteristics. Significant sex differences in weight, height, better running
time and better cycling power values were reported (p < 0.05).

Table 2 shows the results obtained from the vertical jump tests. Significant differences
were observed between sexes across all analysed parameters (p < 0.01). However, no
differences were found between conditions (NOR and HYP), nor in the percentage change
between sexes.

Table 2. Flight time and jump height in SJ and CMJ tests.

Sex Time NOR HYP S T C S*T S*C T*C S*T*C

Flight time
SJ (s)

Male
Pre 0.472 ± 0.016 0.466 ± 0.020

** NS NS NS NS NS NS

Post 0.469 ± 0.029 0.459 ± 0.024
% −0.64 −1.49

Female
Pre 0.391 ± 0.033 0.377 ± 0.046
Post 0.388 ± 0.028 0.379 ± 0.031

% −0.60 1.25

Height SJ (s)

Male
Pre 27.37 ± 2.02 26.70 ± 2.33

** NS NS NS NS NS NS

Post 27.10 ± 3.45 25.87 ± 2.80
% −1.16 −2.51

Female
Pre 18.88 ± 3.18 17.60 ± 4.24
Post 18.58 ± 2.66 17.72 ± 2.81

% −1.12 3.15

Flight time
CMJ (s)

Male
Pre 0.496 ± 0.181 0.490 ± 0.020

** NS NS NS NS NS NS

Post 0.488 ± 0.036 0.472 ± 0.022
% −1.48 −3.44

Female
Pre 0.408 ± 0.038 0.392 ± 0.050
Post 0.397 ± 0.029 0.385 ± 0.040

% −2.31 −1.37

Height CMJ
(s)

Male
Pre 30.21 ± 2.17 29.47 ± 2.43

** NS NS NS NS NS NS

Post 29.42 ± 4.39 27.44 ± 2.62
% −2.48 −6.49

Female
Pre 20.55 ± 3.85 19.10 ± 4.90
Post 19.45 ± 2.83 18.92 ± 3.21

% −4.28 −2.45

SJ: Squat Jump; CMJ: countermovement jump; S: sex; T: time; C: conditions; NS: not significant; ** p < 0.01.

In the SJ test, the following statistical results were obtained: (i) Flight time: sex
(p < 0.001; ηp2 = 0.706), time (p = 0.747; ηp2 = 0.003), condition (p = 0.237; ηp2 = 0.035),
sex × time (p = 0.765; ηp2 = 0.002), sex × condition (p = 0.827; ηp2 = 0.001), time × condition
(p = 0.992; ηp2 = 0.000), sex × time × condition (p = 0.768; ηp2 = 0.002). (ii) Jump height:
sex (p < 0.001; ηp2 = 710), time (p = 0.710; ηp2 = 0.003), condition (p = 0.250; ηp2 = 0.033),
sex × time (p = 0.790; ηp2 = 0.002), sex × condition (p = 0.946; ηp2 = 0.000), time × condition
(p = 0.967; ηp2 = 0.000), sex × time × condition (p = 0.779; ηp2 = 0.000).

For the CMJ test, the following results were reported: (i) Flight time: sex (p < 0.001;
ηp2 = 0.697), time (p = 0.272; ηp2 = 0.030), condition (p = 0.197; ηp2 = 0.041), sex × time
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(p = 0.838; ηp2 = 0.697), sex × condition (p = 0.886; ηp2 = 0.001), time × condition (p = 0.878;
ηp2 = 0.001), sex × time × condition (p = 0.717; ηp2 = 0.003). (ii) Jump height: sex (p < 0.001;
ηp2 = 0.704), time (p = 0.253; ηp2 = 0.033), condition (p = 0.197; ηp2 = 0.041), sex × time
(p = 0.838; ηp2 = 0.002), sex × condition (p = 0.957; ηp2 = 0.000), time × condition (p = 0.834;
ηp2 = 0.001), sex × time × condition (p = 0.685; ηp2 = 0.004).

Figure 4 shows SpO2 during the protocol. Significant differences were found for sex
(p = 0.001; ηp2 = 0.049), condition (p < 0.001; ηp2 = 0.572) and time (p < 0.001; ηp2 = 0.703).
Specifically, resting values outside the hypoxic chamber (OUT) differed significantly from
all other time points (p < 0.05). Likewise, post-repetition values differed significantly from
the remaining time points (p < 0.05). Regarding interaction effects, a significant condition ×
time interaction was found (p < 0.001; ηp2 = 0.166). No other interactions were significant:
sex × condition (p = 0.728; ηp2 = 0.003), sex × time (p = 0.272; ηp2 = 0.058), sex × condition
× time (p = 0.970; ηp2 = 0.018).
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Figure 4. Pulse oxygen saturation during protocol; SpO2: pulse oxygen saturation; REP: repetition;
a: p < 0.05 differences vs. other assessments; b: p < 0.05 differences vs. other assessments.

Figure 5 presents the data of RPE and muscle soreness throughout the protocol.
Significant differences over time were reported for both RPE (p < 0.001; ηp2 = 0.904) and
muscle soreness (p < 0.01; ηp2 = 0.831). These differences were observed between OUT, IN,
before repetitions (PRE REP 1, 2 and 3) and after repetition 1 (POST REP 1). A significant
sex × time interaction was also found for muscle soreness (p = 0.014; ηp2 = 0.130).

For RPE, the following results were obtained: sex (p = 0.532; ηp2 = 0.004), condition
(p = 0.382; ηp2 = 0.006), sex × condition (p = 0.293; ηp2 = 0.024), sex × time (p = 0.101;
ηp2 = 0.092), condition × time (p = 0.917; ηp2 = 0.016) and sex × condition × time
(p = 0.776; ηp2 = 0.014).

For muscle soreness: sex (p = 0.862; ηp2 = 0.006), condition (p = 0.323; ηp2 = 0.009),
sex × condition (p = 0.464; ηp2 = 0.022), condition × time (p = 0.964; ηp2 = 0.016) and
sex × condition × time (p = 0.979; ηp2 = 0.014).
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Figure 5. (A): RPE; (B): muscle soreness; RPE: rating of perceived exertion; REP: repetition; a: p < 0.05
differences vs. OUT; b: p < 0.05 differences vs. IN; c: p < 0.05 differences vs. PRE REP 1; d: p < 0.05
differences vs. PRE REP 2; e: p < 0.05 differences vs. PRE REP 3; f: p < 0.05 differences vs.
POST REP 1.

Figure 6 displays the MPO every 5 s during each repetition. (i) Repetition 1:
sex (p < 0.001; ηp2 = 0.821), condition (p = 0.866; ηp2 = 0.000), time (p < 0.001; ηp2 = 0.270),
sex × condition (p = 0.793; ηp2 = 0.001), sex × time (p = 0.457; ηp2 = 0.038), condition × time
(p = 0.999; ηp2 = 0.002), sex × condition × time (p = 0.999; ηp2 = 0.002). (ii) Repeti-
tion 2: sex (p < 0.001; ηp2 = 0.834), condition (p = 0.926; ηp2 = 0.000), time (p < 0.001;
ηp2 = 0.280), sex × condition (p = 0.570; ηp2 = 0.001), sex × time (p = 0.305; ηp2 = 0.046),
condition × time (p = 0.941; ηp2 = 0.002), sex × condition × time (p = 0.980; ηp2 = 0.003).
(iii) Repetition 3: sex (p < 0.001; ηp2 = 0.799), condition (p = 0.823; ηp2 = 0.000), time
(p < 0.001; ηp2 = 0.274), sex × condition (p = 0.570; ηp2 = 0.003), sex × time (p = 0.305;
ηp2 = 0.048), condition × time (p = 0.941; ηp2 = 0.010), sex × condition × time (p = 0.980;
ηp2 = 0.006).

According to the Bonferroni post hoc analysis, significant differences were found
between the MPO values at 5”, 10”, 15” and 20” compared to 25” and 30” (p < 0.05).

Table 3 shows the PPO, MPO and FI values for each repetition performed during the
protocol. Only differences between sexes were reported in all the parameters analysed
(p < 0.01).
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Figure 6. Mean power output every 5”; a: p < 0.05 differences vs. 5”; b: p < 0.05 differences vs. 10”;
c: p < 0.05 differences vs. 15”; d: p < 0.05 differences vs. 20”.

Table 3. PPO, MPO and FI during RW protocol.

Sex Time NOR HYP S T C S*T S*C T*C S*T*C

PPO (W)

Male
REP 1 573.43 ± 58.67 572.71 ± 59.42

** NS NS NS NS NS NS

REP 2 566.29 ± 66.49 565.86 ± 49.85
REP 3 563.05 ± 58.66 560.00 ± 48.64

Female
REP 1 354.40 ± 60.19 354.60 ± 54.59
REP 2 351.80 ± 53.61 355.80 ± 54.54
REP 3 354.00 ± 52.67 356.60 ± 46.05

MPO (W)

Male
REP 1 508.00 ± 42.24 507.14 ± 43.41

** NS NS NS NS NS NS

REP 2 501.86 ± 41.23 499.14 ± 38.48
REP 3 487.00 ± 43.89 490.00 ± 40.07

Female
REP 1 311.40 ± 43.38 315.20 ± 44.18
REP 2 314.40 ± 44.12 315.20 ± 43.55
REP 3 321.20 ± 43.35 314.60 ± 41.97

FI (%)

Male
REP 1 22.17 ± 6.33 21.55 ± 6.38

* NS NS NS NS NS NS

REP 2 21.24 ± 6.00 22.96 ± 6.02
REP 3 20.95 ± 6.74 25.64 ± 11.32

Female
REP 1 20.20 ± 4.60 18.31 ± 3.11
REP 2 17.24 ± 5.36 18.78 ± 4.88
REP 3 16.60 ± 2.23 20.68 ± 2.16

NOR: normoxia; HYP: hypoxia; PPO: peak power output; MPO: mean power output; FI: fatigue index; S: sex; T:
time; C: conditions; NS: not significant; ** p < 0.01; * p < 0.05.

In PPO, the following statistics were obtained: sex (p < 0.001; ηp2 = 0.806), time
(p = 0.865; ηp2 = 0.005), condition (p = 0.840; ηp2 = 0.001), sex*time (p = 0.837;
ηp2 = 0.006), sex*condition (p = 0.974; ηp2 = 0.000), time*condition (p = 0.977; ηp2 = 0.001),
sex*time*condition (p = 0.981; ηp2 = 0.001). In MPO, the following statistics were reported:
sex (p < 0.001; ηp2 = 0.846), time (p = 0.841; ηp2 = 0.006), condition (p = 0.966; ηp2 = 0.000),
sex*time (p = 0.629; ηp2 = 0.015), sex*condition (p = 0.981; ηp2 = 0.000), time*condition
(p = 0.991; ηp2 = 0.000), sex*time*condition (p = 0.950; ηp2 = 0.002). In FI, the following
statistics were reported: sex (p = 0.014; ηp2 = 0.097), time (p = 0.897; ηp2 = 0.004), condi-
tion (p = 0.302; ηp2 = 0.018), sex*time (p = 0.845; ηp2 = 0.006), sex*condition (p = 0.845;
ηp2 = 0.001), time*condition (p = 0.273; ηp2 = 0.042), sex*time*condition (p = 0.992;
ηp2 = 0.000).
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Finally, Table 4 presents the data obtained during the HR protocol. There were
significant differences between sexes in all parameters analysed (p < 0.001; ηp2 = 0.218). In
addition, in HRmean, significant differences were reported in the time factor (p < 0.001;
ηp2 = 624) and in the sex*condition interaction (p < 0.05; ηp2 = 0.052).

Table 4. HR during protocol.

Sex Time NOR HYP S T C S*T S*C T*C S*T*C

HRrest
(bpm)

Male - 70.86 ± 13.18 76.71 ± 15.45
** - NS - NS - -

Female - 65.60 ± 10.73 66.40 ± 8.62

HRmax
(bpm)

Male
REP 1 172.71 ± 7.43 170.71 ± 12.94

** NS NS NS NS NS NS

REP 2 174.86 ± 7.19 172.29 ± 11.62
REP 3 174.14 ± 6.81 172.71 ± 10.16

Female
REP 1 157.00 ± 14.95 159.00 ± 15.68
REP 2 159.40 ± 14.82 158.60 ± 16.33
REP 3 162.20 ± 14.65 161.00 ± 16.20

HRmean
(bpm)

Male

REP 1 150.71 ± 14.09 146.00 ± 14.00

** ** NS NS * NS NS

Rec 1 ˆ 111.00 ± 11.83 101.14 ± 18.27
REP 2 156.71 ± 12.77 147.57 ± 13.37
Rec 2 ˆ 119.14 ± 10.73 109.86 ± 20.60
REP 3 156.57 ± 10.24 147.57 ± 22.97
Rec 3 ˆ 122.71 ± 11.23 110.00 ± 24.01

Female

REP 1 132.20 ± 15.27 137.40 ± 13.31
Rec 1 ˆ 84.40 ± 14.62 92.00 ± 23.06
REP 2 136.00 ± 18.98 132.20 ± 17.12
Rec 2 ˆ 89.20 ± 17.69 99.80 ± 25.94
REP 3 140.40 ± 10.31 141.00 ± 20.64
Rec 3 ˆ 86.80 ± 21.60 102.80 ± 27.16

NOR: normoxia; HYP: hypoxia; HRrest: rest heart rate; HRmax: maximal heart rate; HRmean: mean heart rate; S:
sex; T: time; C: conditions; NS: not significant; * p < 0.05; ** p < 0.01; ˆ: differences with respect to REP.

In HRrest, the following statistics were obtained: condition (p = 0.534; ηp2 = 0.020),
sex*condition (p = 0.636; ηp2 = 0.011). In HRmax, the following statistics were obtained:
sex (p < 0.001; ηp2 = 0.256), time (p = 0.763; ηp2 = 0.009), condition (p = 0.735; ηp2 = 0.002),
sex*time (p = 0.927; ηp2 = 0.003), sex*condition (p = 0.735; ηp2 = 0.002), time*condition
(p = 0.970; ηp2 = 0.001), sex*time*condition (p = 0.966; ηp2 = 0.001). In HRmean,
the following statistics were obtained: condition (p = 0.602; ηp2 = 0.002), sex*time
(p = 0.919; ηp2 = 0.012), time*condition (p = 0.966; ηp2 = 0.008), sex*time*condition (p = 0.882;
ηp2 = 0.014).

4. Discussion
The aims of the present investigation were (i) to analyse the influence of HYP on

performance and neuromuscular fatigue after an RW protocol with prolonged recoveries;
(ii) to analyse sex differences in performance and neuromuscular fatigue after an RW pro-
tocol under HYP and NOR conditions. It was observed that the RW protocol (3 × 30” all
out with 7′ passive recovery) performed under HYP did not negatively affect performance,
neuromuscular fatigue or perceived exertion in participants compared to NOR, regardless
of sex. Performance and HR were lower in female triathletes in both conditions. Previous
research has demonstrated that HYP does not impair performance during RW. In relation
to RW, Takei et al. (2020) found no significant differences in performance following a
3 × 30” RW protocol with 4.5′ of recovery under HYP and NOR conditions [14]. Further-
more, Takei et al. (2021) reported that a 4 × 30” RW protocol with 4.5′ of recovery did not
affect performance [11].
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To our knowledge, this is one of the first investigations to examine sex differences in
performance and neuromuscular fatigue after an RW protocol with full recovery under
HYP and NOR conditions. Previous research, such as that of Maldonado-Rodriguez et al.
(2022), included two girls and five boys, but did not analyse sex differences [37]. On the
other hand, the study by Piperi et al. (2024), although analysing sex differences, compared
the effect of a training programme on HYP and not the acute effect [31]. Also, Camacho-
Cardenosa et al. (2022) evaluated sex differences in cardiorespiratory responses to acute
resting exposure in normobaric HYP compared to NOR [38].

Recovery type and duration between sprint repetitions significantly influence the
capacity to generate and preserve PPO during repeated efforts, which is essential in numer-
ous athletic disciplines [39]. In line with the results obtained in the present investigation, a
4 × 30” protocol with 4.5′ of recovery in HYP, despite causing greater arterial hypoxaemia
and HR responses, did not significantly affect performance, muscle oxygenation and neuro-
muscular capacity compared to NOR [11]. Also, a 3 × 30” protocol with 4.5′ recovery had
no negative consequences on performance. In addition, the lactate and RPE values were
similar compared to NOR [14].

The similarity in RW performance under NOR and HYP conditions may, at least
partially, be explained by the length of the recovery intervals between bouts. Two primary
factors limit RSA performance: the efficiency of adenosine triphosphate (ATP) resynthesis
relative to its utilisation, and the regulation of ionic imbalances induced by repeated high-
intensity efforts [40]. After a maximal sprint of 6 s, muscle phosphocreatine (PCr) decreases
to 35–55% of the resting level and recovers to 69% after 30” of rest [41]. In addition, non-
oxidative glycolysis also decreases in successive sprints. Therefore, during successive
sprints, there is a decrease in ATP resynthesis from PCr hydrolysis and non-oxidative
glycolysis, leading to an increase in the oxidative contribution to ATP formation [18].
Indeed, a 4′ recovery period enhances total oxygen uptake [42], facilitating more complete
PCr resynthesis, promoting muscle lactate oxidation and H+ efflux and supporting the
reestablishment of ionic homeostasis—all of which are considered contributing factors to
fatigue mitigation [40]. Previously, it was reported in men that a recovery period equal
to or longer than 2 min could allow the progressive incorporation of aerobic metabolism
during the recovery period as well as in subsequent repetitions [43]. In addition, increasing
the rest time between efforts resulted in an improvement in the anaerobic contribution
to repeated exercise [43]. Therefore, the 7′ of recovery is more than enough time for PCr
resynthesis via oxidative energy pathways.

During recovery in RSA protocols, oxidative energy metabolism is importantly in-
volved in restoring homeostasis through PCr resynthesis [44,45]. Sustaining high perfor-
mance levels is largely linked to the resynthesis of PCr, a process that is strongly influenced
by the length of the recovery period [46]. To achieve optimal RW implementation, modi-
fying the oxidative–glycolytic balance by manipulating programming variables, such as
the exercise–rest ratio of the severity of hypoxia during the session, can result in specific
acute physiological and performance responses [22,47]. The magnitude of the decrease in
performance, in turn, depends on the characteristics of the task (degree of HYP, number
of repetitions, structure of the sprint series, etc.) [11]. It cannot be ruled out that greater
fatigability would have been observed if more repetitions had been completed, if recovery
between workouts had been shorter and/or if more severe levels of hypoxia had been
tested [14].

Sex-related differences in RW performance are well documented, with men typically
demonstrating higher absolute and relative power outputs than women across RSA [48].
This is likely due to men possessing greater muscle mass—both in total and relative to
body weight—while women generally have a higher percentage of body fat, which is
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associated with reduced PPO during sprints [49]. Additionally, differences in muscle fibre
types and metabolic profiles, both of which are influenced by sex, further contribute to
performance decline [48]. Generally, men have a larger muscle fibre cross-sectional area
and a proportionally larger area of type II muscle fibres, which translates into greater force
generation [50]. However, type II fibres are more dependent on the anaerobic glycolytic
pathway, which induces greater fatigability and slower recovery. In both conditions and
groups, the oxygen deficit decreased from the first to the second sprint in each protocol.
However, the recovery period did not significantly impair power during RW.

Decreased oxygen availability has been shown to have a detrimental effect on perfor-
mance [40,51,52]. As exercise intensity increases, there is progressive muscle deoxygena-
tion [51,53]. In the present study, in general, women showed higher SpO2 values compared
to men. Previous studies speculated that women are less sensitive to a reduction in O2

availability [48,54]. Previously, it has been reported that the tissue saturation index during
the sprint phases of the RSA test appeared to be higher in women than in men, both before
and after the test [31]. These differences may be partly due to sex-specific variations in
muscle fibre composition, as type I fibres—which are more prevalent in women—are asso-
ciated with greater muscle oxygenation during maximal sprint efforts [55]. Additionally,
oestrogen seems to play a role in promoting pulmonary vasodilation [56].

The sex difference in SpO2 could be related to neuromuscular fatigue. Although no
significant differences were observed, in general, women expressed a higher percentage
change than men. Previously, an inverse relationship between SpO2 and neuromuscular
activity was observed where men showed a greater attenuation of neuromuscular activity
for SpO2 [48]. The lower impact of O2 availability in women may be the result of attenuated
sympathetic neural outflow, possibly due to oestrogen [48], which reduced vasoconstriction,
maintained muscle perfusion and prolonged sprint endurance. The greater predominance
of type I muscle fibres in women is associated with a better vasodilator response and oxy-
genation, resulting in lower levels of neuromuscular fatigue and less impaired contractile
function [31]. However, it is noteworthy that no differences in neuromuscular fatigue were
observed between NOR and HYP, consistent with previous research [11,13].

Regarding HR, in general, a lower HRmean was observed in HYP compared to NOR.
These results agree with those reported by Takei et al. (2024) [13]. This decrease in HR
could be attributed to compensatory vasodilatation in HYP, where dilatation of arteries
and arterioles could lead to a decrease in HR [57]. Regarding perceptual responses, no
differences were observed between sex and conditions (NOR and HYP). Similarly, Takei
et al. (2021) reported no significant differences between HYP and NOR conditions in a
3 × 30” protocol with 4.5′ recovery [11]. It could be hypothesised that the affective re-
sponse to repeated maximal effort cycling exercise is not influenced by systemic or local
hypoxia [58], at least if the recovery periods between repetitions are prolonged.

Limitations

The present study is not without limitations: (i) the menstrual cycle of the participants
was not controlled. Some studies have hypothesised an increase in ventilatory levels and
ultimately performance under hypoxic conditions during the luteal phase. However, there
is no definitive answer [24]; (ii) although the sample is not large, 12 participants, with
5 girls in total, it is a representative sample compared to previous studies [13,14,37].

5. Conclusions
An RW protocol (3 × 30” all out with 7′ passive recovery) conducted under HYP did

not negatively affect performance, neuromuscular fatigue or perceived exertion in triath-
letes compared to NOR, regardless of sex. However, female triathletes underperformed
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compared to their male triathletes in both HYP and NOR conditions. However, the SpO2

levels were higher in female triathletes.

6. Practical Applications
An RW protocol (3 × 30” all out with 7’ passive recovery) can be useful for maximum

intensity training, in NOR and HYP conditions, without significantly decreasing training
performance and without increasing neuromuscular fatigue and perceived exertion in
both male and female triathletes. Coaches and athletes should be aware of the effects that
recovery duration can have on physiological and performance responses in RW.
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