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Abstract

Background: Whether inspired oxygen fraction (FiO2) can modulate the internal metabolic cost of
supramaximal high-intensity interval training (HIIT) and thereby direct training adaptation remains
unclear. We tested whether hyperoxic versus hypoxic exposure during Tabata-format HIIT induces
distinct adaptive phenotypes. Methods: Twenty-three physically active men completed 3 weeks of
supramaximal Tabata HIIT (3 sessions-week™; 8 x 20 s with 10 s recovery) under hyperoxia (FiO2 =
0.60, n=13) or hypoxia (FiO2=0.16, n=10). Training intensity was regulated to maintain a comparable
internal physiological stimulus rather than an identical external workload. Pre- and post-intervention
assessments included maximal oxygen uptake (VOzmax), first and second ventilatory thresholds
(VT1, VT2), peak blood lactate, and session rating of perceived exertion (RPE). Post-intervention
between-group differences were analysed using ANCOVA adjusted for baseline values; RPE was
analysed using a linear mixed-effects model. Results: VO:max improved in both groups but
increased more after hyperoxic training than after hypoxic training (+3.69 vs. +1.50 mL-kg'min'; 3
=2.18 mL-kg?min, 95% CI [1.77-2.59], p <0.001). Hyperoxia also produced larger gains in VI1 (3 =
29.99 W, 95% CI [17.09—42.89], p < 0.001) and VT2 (3 =20.74 W, 95% CI [9.43-32.05], p = 0.001). Peak
lactate responses diverged bidirectionally, decreasing in hyperoxia (—0.77 mmol-L') and increasing
slightly in hypoxia (+0.27 mmol-L™), with a significant adjusted between-group effect (3 = -1.02
mmol-L7, 95% CI [-1.47 to —0.57], p < 0.001). RPE declined across sessions in both groups, with a
steeper decrease under hyperoxia (Condition x Session: 3 = -0.36, 95% CI [-0.44 to -0.28], p < 0.001).
Conclusions: Hyperoxic and hypoxic supramaximal HIIT elicited distinct functional adaptive
profiles. Hyperoxia induced greater improvements in aerobic capacity and ventilatory thresholds,
reduced peak lactate accumulation, and accelerated the decline in perceived exertion, whereas
hypoxia was associated with a more glycolytic response pattern. These findings support the
interpretation that FiO: acts as a modulator of internal physiological load and shapes the metabolic
phenotype of adaptation during supramaximal interval training.

Keywords: hyperoxia; hypoxia; Tabata training; VO:max; Assault-Bike; high intensity interval
training; HIIT; human
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1. Introduction

High-intensity interval training (HIIT) is widely recognized as a highly time-efficient strategy
for improving maximal oxygen uptake (VO2max), ventilatory thresholds, and metabolic function
across a wide range of populations, from recreationally active individuals to competitive athletes [1-
3]. Supramaximal intermittent training protocols such as the Tabata format, repeated 20-s efforts at
~170% VO:2max interspersed with 10 s recovery, are particularly potent. In the original study, six
weeks of Tabata training simultaneously improved aerobic and anaerobic capacity despite a total
session duration of only four minutes [4]. Nevertheless, under normoxic conditions the magnitude
of adaptation remains constrained by the metabolic challenge associated with each training interval.
Whether the internal physiological stimulus of supramaximal HIIT can be augmented without
modifying the prescribed workload therefore remains an open and practically relevant question.
Despite extensive research on hypoxic training and the acute ergogenic effects of hyperoxia, it
remains unclear whether inspired oxygen fraction can systematically modulate the internal metabolic
cost of supramaximal intervals and thereby direct long-term training adaptation.

Inspired oxygen fraction (FiO2) represents a potential lever for modulating this internal stimulus.
The internal-load framework distinguishes between the external workload imposed on an athlete and
the physiological cost required to sustain it [5]. At supramaximal intensities—a distinct exercise
domain characterized by rapid oxygen uptake kinetics and substantial anaerobic contribution [6]
oxygen delivery and utilization can constrain oxidative ATP resynthesis, thereby determining the
glycolytic contribution to each effort bout [7]. Breathing a hyperoxic gas mixture (FiO: > 0.21)
maintains arterial saturation at or near its physiological ceiling, attenuating glycolytic flux and
intramuscular metabolic perturbation during supramaximal exercise [8,9]. Conversely, hypoxia (FiO:
<0.21) amplifies glycolytic reliance at any given external workload [10]. Manipulating FiO: therefore
provides a means of altering the internal metabolic cost of a fixed training prescription. In line with
this concept, previous work from our group demonstrated that even low-intensity exercise
performed under moderate hyperoxic conditions was sufficient to induce measurable changes in
biomarkers related to metabolic regulation and physical adapatations [11,12]. These findings raise the
question of whether similar oxygen-mediated modulation may occur during high-intensity interval
exercise, where metabolic perturbations are substantially greater.

Evidence that cyclic oxygen exposure may influence training adaptation comes from animal
models. Four weeks of exercise training performed under intermittent hyperoxia (cyclic exposure
between 21% and 30% O2) increased maximal exercise capacity and upregulated markers of
mitochondrial biogenesis and fatty-acid oxidative capacity compared with normoxic training,
whereas continuous hyperoxia produced no such advantage [13]. The superiority of intermittent
exposure suggests that transitions between oxygen levels may themselves represent a biologically
relevant stimulus. One proposed mechanism is the Normobaric Oxygen Paradox (NOP), whereby a
return from hyperoxia to normoxia may be sensed as a relative decrease in oxygen availability and
transiently activate hypoxia-responsive signaling pathways despite normoxic conditions [14-17].
Repeated oxygen fluctuations may also modulate redox-sensitive pathways involved in
mitochondrial adaptation. Whether such mechanisms operate during supramaximal interval training
in humans remains unknown.

If hyperoxia reduces the glycolytic cost of each supramaximal interval, repeated sessions may
accumulate a greater oxidative stimulus per unit of prescribed work and thereby accelerate aerobic
adaptation relative to normoxic training. This distinction is mechanistically relevant to interval
training design. In humans, however, whether breathing a hyperoxic mixture during Tabata-format
supramaximal intervals produces aerobic adaptations that are faster or larger than those achieved
under normoxic or hypoxic conditions has not been directly examined.

Hyperoxia and hypoxia are rarely examined within the same supramaximal HIIT design, yet
such a comparison is informative because the two environments are expected to phenotype-direct
adaptation in opposite directions. Hypoxic interval training performed below the exposure threshold
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required for hematological adaptation selectively enhances glycolytic enzymatic capacity by
increasing metabolic stress within each effort bout [10,18].

In contrast, hyperoxia may reduce the glycolytic burden of each interval. Across studies that
tightly control external workload, however, the aerobic benefits of hyperoxic training have been small
or inconsistent [19,20], highlighting the need to frame FiO: as a modulator of internal metabolic cost
rather than a simple ergogenic aid.

Another limitation of existing research is the reliance on VO2max as the sole primary outcome.
When multiple conditions improve maximal aerobic power, VO:max alone cannot distinguish
between metabolic phenotypes. Complementary markers such as blood lactate kinetics, ventilatory
thresholds, and rating of perceived exertion (RPE) provide mechanistically informative indices of the
metabolic environment generated during training [21-23].

The present study therefore aimed to compare the effects of three weeks of Tabata-format
supramaximal HIIT performed under hyperoxia (FiO2 0.60) or hypoxia (FiO2 0.16) on VO:max,
ventilatory thresholds, peak blood lactate, and session RPE in physically active participants. We
hypothesized that hyperoxia would augment the oxidative internal stimulus of each interval and
produce larger aerobic adaptations than hypoxia, while generating bidirectional lactate responses
and a steeper decline in perceived exertion across training sessions.

2. Materials and Methods

2.1. Population

The study was conducted in accordance with the Declaration of Helsinki and was approved by
the Academic Ethical Committee of Brussels (Belgium) (approval number: B 200-2022-038). All
participants provided written informed consent prior to participation.

Twenty-eight healthy male volunteers were initially recruited for the study. Participants were
selected from a population of physiotherapy students and practicing physiotherapists aged between
19 and 35 years. Only male participants were included in order to minimize physiological variability
associated with female hormonal fluctuations, particularly those related to the menstrual cycle, which
have been reported to influence exercise performance and metabolic responses to exercise [24].

Participants were recreationally active but none were engaged in professional or elite-level
sports training. Prior to inclusion, all volunteers underwent medical screening and were considered
free from cardiovascular risk according to current exercise testing and sports participation
recommendations.

Participants were excluded if they presented any known cardiovascular, pulmonary, metabolic,
or neurological disease, or if they were taking medications known to influence cardiovascular or
metabolic responses to exercise.

To minimize potential confounding factors, participants were instructed to refrain from
strenuous physical activity, alcohol consumption, caffeine intake, and smoking for at least 24 h before
each testing session, in accordance with standard exercise testing procedures recommended in
exercise physiology guidelines [25,26].

Initially, 28 volunteers were screened for eligibility. Five individuals did not meet the predefined
inclusion criteria and were excluded prior to randomization. The remaining 23 participants were
randomized and completed the study protocol, and were therefore included in the final analysis
(Table 1). The final sample therefore consisted of 23 healthy male participants (mean age 23.5 + 4.07
years, height 178 + 5.75 cm, body mass 76.4 + 9.53 kg). To minimize circadian influences on
physiological responses to exercise, all testing sessions were scheduled at the same time of day for
each participant, between 08:00 and 11:00 a.m. Allocation was performed by an investigator not
involved in data collection to minimize allocation bias, using a computer-generated random number
sequence generated using Excel randomization:
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*  Hyperoxia group: inspired oxygen fraction (FiOz) = 0.60 (n = 13)
e  Hypoxia group: inspired oxygen fraction (FiO2) = 0.16 (n = 10)

2.2. Experimental Protocol

Prior to the start of the 3-week intervention, each participant performed a baseline
cardiopulmonary exercise test (CPET) as described below to determine maximal oxygen uptake
(VOzmax), maximal heart rate (HRmax), and maximal aerobic power output (Wmax). These
parameters were subsequently used to individualize the intensity of the training sessions.

Participants then completed a 3-week supramaximal high-intensity interval training (HIIT)
program based on the Tabata protocol, consisting of three sessions per week performed on an air-
resistance cycle ergometer (Assault Bike®, Assault Fitness, USA). The Tabata protocol has previously
been shown to elicit substantial aerobic and anaerobic adaptations despite its short duration [4,27].

Each training session lasted approximately 20 min and consisted of:

* 10 min of warm-up at 50% of maximal aerobic power output determined during the baseline
incremental test

e 8intervals of 20 s of supramaximal effort performed at approximately 170% of maximal aerobic
power output, each separated by 10 s of passive recovery

* 6 min of active recovery at 50% of maximal aerobic power output

Participants were instructed to maintain a cadence above 80 revolutions per minute (rpm)
during the high-intensity intervals, with real-time visual feedback provided on the ergometer
display. Although the target workload corresponded to approximately 170% of maximal aerobic
power output determined at baseline, workload was adjusted when necessary during the
intervention in order to maintain the intended cardiovascular strain [27]. Training intensity was
therefore monitored using heart rate, and participants were required to reach at least 85% of their
individual maximal heart rate during high-intensity intervals. Training intensity was therefore
regulated to maintain a comparable internal physiological stimulus rather than an identical external
workload. Heart rate was continuously monitored using a chest strap heart rate monitor (Polar H10
Electro, Finland).

The inspired oxygen fraction (FiO2) administered during the exercise sessions depended on the
assigned experimental condition. Oxygen delivery was provided through high-flow nasal cannulas
combined with a Double Trunk Mask (DTM) positioned over the participant’s face to maintain the
target inspired oxygen concentration during exercise.

2.2.1. The Double Trunk Mask

The Double Trunk Mask (DTM) is a device designed to increase the effective inspired oxygen
fraction (FiO2) in subjects receiving oxygen through nasal cannulas by increasing the reservoir
volume available for re-inhalation.

The mask contains an internal dead space of approximately 210 mL, while the two lateral tubes
(“trunks”) provide an additional reservoir volume of approximately 120 mL. During expiration, part
of the exhaled gas mixture —containing approximately 16% oxygen—is temporarily retained within
this reservoir. During the subsequent inhalation, this oxygen-enriched mixture is partially re-inhaled,
thereby increasing the effective inspired oxygen fraction.

The DTM has previously been shown to improve oxygen delivery efficiency in situations
characterized by high inspiratory flow rates by limiting dilution of administered oxygen with
ambient air [28,29]

In the present study, standard high-flow nasal oxygen alone was not sufficient to ensure a stable
inspired oxygen fraction during supramaximal exercise. During intense effort, participants
frequently switch to oral breathing and minute ventilation (VE) increases substantially, which can
dilute the delivered oxygen fraction with ambient air. The DTM system was therefore used to increase
the effective oxygen reservoir and stabilize FiOz during exercise.
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Oxygen delivery was provided using an oxygen concentrator (EverFlo™, Philips Respironics,
USA) for the hyperoxic condition and a normobaric hypoxic generator (Hypoxico HYP-123,
Hypoxico Inc., USA) for the hypoxic condition.

A constant gas flow of 20 L-min™ was delivered through the nasal cannulas during the training
sessions in order to maintain the targeted inspired oxygen fraction and reduce dilution by ambient
air.

Before each training session, the oxygen fraction delivered at the mask level was verified using
a portable oxygen analyzer (Forensics Detectors™, USA) capable of measuring oxygen
concentrations between 0-100% O:. FiO:z values were periodically verified during exercise sessions at
the mask outlet to ensure stability of the inspired oxygen fraction despite high ventilatory rates (FiO:
= 0.60 for hyperoxia and FiO:2 = 0.16 for hypoxia).

This configuration allowed reliable control of inspired oxygen conditions during high-intensity
interval exercise while minimizing dilution effects associated with elevated ventilation rates.

2.2.2. Ergospirometry Test

Before each cardiopulmonary exercise test (CPET), the metabolic analysis system (Ergocap® MS
Medisoft, Sorinnes, Belgium) was calibrated according to the manufacturer’s recommendations and
current international guidelines for cardiopulmonary exercise testing [30,31]. Gas analyzers were
calibrated using a two-step procedure in accordance with international CPET methodological
recommendations (ATS/ACCP, 2003). First, calibration was performed using ambient air, assuming
an inspired oxygen fraction of 20.93% and a carbon dioxide fraction of approximately 0.03-0.04%.
Second, a certified reference gas mixture (16% Oz and 5% CO, balance N2) was used to calibrate the
oxygen and carbon dioxide analyzers. Ventilatory flow was calibrated using a 3-L syringe to ensure
accurate measurement of ventilatory volumes as recommended in CPET methodological guidelines
[31]. Calibration procedures were conducted before each test session to ensure measurement
reliability. All exercise tests were performed under standardized laboratory conditions [32]. Ambient
temperature and relative humidity were maintained within a controlled range (approximately 20-22
°C and 40-60% relative humidity) to minimize environmental influences on cardiopulmonary
responses. Participants were instructed to avoid strenuous physical activity, caffeine, and alcohol for
at least 24 h prior to testing and to arrive at the laboratory in a rested and hydrated state. Testing
sessions were scheduled at similar times of day for each participant whenever possible to reduce
circadian variability. Participants performed an incremental cardiopulmonary exercise test on an
electronically braked cycle ergometer (Ergoline®, Germany) in the Physiology Laboratory of the
Haute Ecole Bruxelles-Brabant (HE2B). The protocol consisted of a 3-min warm-up at 50 W followed
by a continuous ramp increase in workload of 25 W-min™ until volitional exhaustion. After
termination of the incremental phase, a 5-min active recovery period at 50 W was performed.
Participants were instructed to maintain a pedaling cadence between 60 and 70 revolutions per
minute throughout the test. Standardized verbal encouragement was provided to promote maximal
effort. The same testing protocol was used before and after the 3-week training intervention to ensure
comparability of physiological responses. Respiratory gas exchange variables were measured breath-
by-breath using the metabolic cart and subsequently averaged over 30-s intervals to reduce breath-
by-breath variability [33]. Oxygen uptake (VOz), carbon dioxide production (VCO2), and minute
ventilation (VE) were continuously recorded throughout the test. Participants breathed through a
low-resistance facemask connected to the metabolic measurement system. Continuous physiological
monitoring included heart rate recording, 12-lead electrocardiography monitoring, and pulse
oximetry to ensure participant safety and accurate physiological data collection. The first (VI1) and
second (VT2) ventilatory thresholds were determined using a combination of the ventilatory
equivalents method and the V-slope method [34]. VT1 was primarily identified by an increase in the
ventilatory equivalent for oxygen (VE/VO2) without a concomitant increase in the ventilatory
equivalent for carbon dioxide (VE/VCQy), reflecting the onset of metabolic acidosis buffering. This
determination was cross-validated using the V-slope method [34,35], corresponding to the
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breakpoint at which VCO: increases disproportionately relative to VO2. VT2 was identified by a
simultaneous increase in both VE/VO: and VE/VCO: indicating the onset of ventilatory
compensation for metabolic acidosis [36]. Ventilatory thresholds were determined independently by
two experienced investigators. In the case of disagreement, the thresholds were re-evaluated jointly
until consensus was reached. Maximal oxygen uptake (VO:max) was defined as the highest 30-s
averaged VO: value obtained during the incremental test [32]. Achievement of maximal effort was
confirmed by the presence of at least two of the following criteria: a respiratory exchange ratio (RER)
> 1.10, attainment of > 95% of the age-predicted maximal heart rate, or a high rating of perceived
exertion at the end of the test. The ergospirometry protocol used in this study has previously
demonstrated good test-retest reliability for maximal and submaximal cardiopulmonary variables
when performed under standardized laboratory conditions previously reported coefficients of
variation between 3-5% [32,37].

2.2.3. Blood Lactate Measurements

Capillary blood samples were collected from the fingertip to determine blood lactate
concentration ([La]) before and following maximal ergometric test exercise. Prior to sampling, the
fingertip was cleaned with an alcohol swab and allowed to dry completely. A sterile single-use lancet
was used to puncture the lateral aspect of the fingertip, and the first drop of blood was discarded to
avoid contamination with interstitial fluid. A subsequent blood sample (2 uL) was then applied
directly onto a Lactate test strip (Roche Diagnostics, Mannheim, Germany) and immediately
analyzed using a portable electrochemical analyser (Accutrend® Plus, Roche Diagnostics, Mannheim,
Germany). All samples were collected 3 min after the cessation of exercise, in accordance with the
recommended post-exercise sampling window that allows for adequate lactate redistribution from
the active musculature into the peripheral circulation while minimising the influence of rapid
metabolic clearance. All measurements were performed by the same trained operator to ensure
procedural consistency, and the ambient temperature was maintained within the manufacturer-
specified operating range of 18-35 °C throughout data collection.

2.3. Statistical Analysis

All statistical analyses were performed using R (R Foundation for Statistical Computing, Vienna,
Austria). Continuous variables are presented as mean +* standard deviation unless otherwise
specified. Statistical significance was set at a = 0.05 (two-tailed). Between-condition differences in
physiological outcomes (VO2max, VT1, VT2 and peak blood lactate) were assessed using analysis of
covariance (ANCOVA). Post-intervention values were entered as dependent variables, experimental
condition (Hyperoxia vs. Hypoxia) was included as a fixed factor, and the corresponding baseline
value was included as a covariate to control for potential baseline differences and improve statistical
power. This analytical approach is recommended for the analysis of pre—post intervention data as it
provides greater statistical efficiency and reduces bias compared with analyses based on change
scores (A) alone [38,39]. Adjusted between-group differences are reported as regression coefficients
(B) with corresponding 95% confidence intervals and p-values. The assumption of homogeneity of
regression slopes was verified by testing the interaction between baseline values and experimental
condition. Model assumptions were further evaluated by inspection of residual plots. Normality of
residuals was assessed using the Shapiro-Wilk test and homoscedasticity was verified by
examination of residual versus fitted value plots. The incremental variance explained by the
experimental condition beyond baseline values was quantified using AR? defined as the difference
between the full model (baseline + condition) and the reduced model (baseline only). Effect
magnitude was also expressed using partial R2. Perceived exertion (Borg scores), collected repeatedly
across training sessions, was analyzed using a linear mixed-effects model including condition,
session number and their interaction as fixed effects, with participant included as a random intercept
to account for repeated measurements within individuals and the hierarchical structure of the data.
Associations between individual physiological adaptations were explored using Pearson correlation
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coefficients computed on change scores (A = post — pre). To control for type I error inflation due to
multiple testing, p-values were adjusted using the Holm correction method. Given the achieved
sample size (N = 23), a sensitivity power analysis was conducted for the primary ANCOVA model
expressed as a general linear model. With a = 0.05 and one predictor of interest (condition), the design
provided 80% statistical power to detect an incremental effect size of approximately 2 = 0.39,
corresponding to a partial R? = 0.28, which represents a large effect magnitude.

Enroliment

Volunteers screened for
eligibility (n = 28)

o Excluded (n=29)
Did not meet inclusion criteria

Y

Participants included (n = 23)

\4
Randomized (n = 23)

Y Y
Allocated to hyperoxia training Allocated to hypoxia training
(Fi0, =0.60) (Fi0, =0.16)
Received allocated intervention Received allocated intervention
(n=13) (n=10)
Completed intervention (n = 13) Completed intervention (n = 10)
Y
Analysis

Analysed (n = 23)
No participants lost to follow-up

Figure 1. Materials and Methods: CONSORT flow diagram illustrating participant recruitment, allocation to
hyperoxia and hypoxia training conditions, and inclusion in the final analysis.

3. Results

3.1. Participant Characteristics

A total of 23 participants were included in the study, with 13 allocated to the hyperoxia group
(60% O2) and 10 to the hypoxia group (16% Oz). All participants were male. Baseline characteristics
are presented in Table 1. The two groups exhibited comparable anthropometric and physiological
profiles prior to the intervention. Mean age was 24.6 + 5.4 years in the hyperoxia group and 22.0 + 1.3
years in the hypoxia group. Body mass and height were similar between groups. Baseline VO:max,
VT1, VT2, and peak lactate concentrations were also comparable, indicating similar aerobic and
metabolic status before training. No clinically meaningful baseline imbalance was observed.
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Table 1. Baseline participant characteristics according to training condition. Between-group comparisons are

shown for descriptive purposes only.

Variable Hypoxia (16% O:) (n = 10) Hyperoxia (60% O:) (n =13) p-value
Sex (Male), n (%) 10 (100%) 13 (100%) —

Age (years) 22.0+1.3 24.6+5.4 0.143
Body mass (kg) 78.6+11.9 74.8+8.0 0.370
Height (cm) 178.0+£7.5 1772 +5.1 0.760
VOzmax (ml-kg-min) 38.30+9.91 37.77 £ 8.67 0.891
VT1 (W) 160 + 47 175 +47 0.472
VT2 (W) 207.5+47.6 232.7 +47.6 0.234
Lactate (mmol-L) 9.22+1.20 9.58 +1.20 0.504

3.2. VO2 Max

Baseline VO2max values were comparable between groups (Table 1). Primary analysis using
ANCOVA adjusting post-intervention VO2max for baseline performance revealed a significant effect
of oxygen condition (f = 2.18 mL-kg'min™, 95% CI [1.77-2.59], p < 0.001), indicating a greater
training-induced improvement under hyperoxic (60% Oz) compared with hypoxic (16% Oz) training.
Descriptively, VO2max increased from 37.77 + 8.67 to 41.46 + 8.41 mL-kg-min in the hyperoxia
group (+3.69 mL-kg'min™) and from 38.30 + 9.91 to 39.80 + 9.80 mL-kg-min! in the hypoxia group
(+1.50 mL-kg"-min). Individual trajectories and relative percentage changes are illustrated in Figure

1.
Hypoxia Hyperoxia VO, max change

- *kkok A\ *kkok 130

'c ' *kkk

‘E 60 £ 60 . ° © 125 Skdkk
- 3 : - c 120 °

2 %0 2 %0 @ 115 *kk
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~ ~ o 95

O 20 O 20 hd 9%

> pte ?05\ > pe ?05’& Hypoxia Hyperoxia

Figure 2. Effects of oxygen availability on VO2max following 3 weeks of Tabata training. Left and middle panels
display individual pre- and post-training VO:max values (ml-kg-min) under hyperoxic (60% FiO2) and
hypoxic (16% FiOz) conditions. The right panel illustrates relative percentage changes from baseline (baseline
normalized to 100%). Within-group changes are shown for descriptive purposes. The primary statistical
inference was based on ANCOVA adjusting post-intervention values for baseline performance (p < 0.001=***; p
< 0.0001=***%),

3.3. First Ventilatory Threshold (VT1)

Baseline VT1 values were comparable between groups (Table 1). Primary analysis using
ANCOVA adjusting post-intervention VT1 for baseline VT1 revealed a significant effect of oxygen
condition (3 =29.99 W, 95% CI [17.09-42.89], p < 0.001), indicating a greater improvement following
hyperoxic (60% Oz2) compared with hypoxic (16% Oz) training. The additional variance explained by
training condition beyond baseline performance was 8.6% (AR? = 0.086). The assumption of
homogeneity of regression slopes was satisfied (p = 0.310), supporting model validity. Descriptively,
VT1 increased by +38 W in the hyperoxia group and by +10 W in the hypoxia group. These findings
indicate that the upward shift in the first ventilatory threshold was significantly greater following
hyperoxic training.
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Figure 3. Differential Adaptation of Ventilatory Thresholds (VT1 and VT2) Following Hyperoxic vs. Hypoxic
Training. Differential adaptation of ventilatory thresholds (VI1 and VT2) following hyperoxic vs. hypoxic
training. Left panel: Hyperoxia group (60% FiOz, n = 13). Right panel: Hypoxia group (16% FiO2, n = 10).
Workload at the first (VT1) and second (VT2) ventilatory thresholds was assessed before (T0) and after (T1) the
3-week intervention. Bars represent mean + SD, with individual data points shown. Within-group pre-post
comparisons are displayed for descriptive purposes. Primary statistical inference was based on ANCOVA

adjusting post-intervention values for baseline performance (p < 0.05=*; p < 0.01="*; p < 0.0001="***),

3.4. Second Ventilatory Threshold (V12)

Baseline VT2 values were comparable between groups (Table 1). Primary analysis using
ANCOVA adjusting post-intervention VT2 for baseline VT2 revealed a significant effect of oxygen
condition (3 =20.74 W, SE = 5.42, 95% CI [9.43-32.05], p = 0.001), indicating a greater improvement
following hyperoxic (60% O2) compared with hypoxic (16% Oz) training. Training condition
explained an additional 4.5% of variance beyond baseline VT2 (AR? = 0.045). The effect size for the
adjusted between-group difference was moderate-to-large (Hedges’ g_gain = 0.94). The assumption
of homogeneity of regression slopes was satisfied (p = 0.242), supporting model validity.
Descriptively, VI2 increased by +30.8 W in the hyperoxia group and by +15.0 W in the hypoxia group.
Although statistically significant, the magnitude of the adjusted between-group effect for VI2 was
smaller than that observed for VT1 and VO:max.

3.5. Lactate

Baseline peak lactate concentrations were comparable between groups (Table 1). Primary
analysis using ANCOVA with post-intervention lactate as the dependent variable and baseline
lactate as a covariate revealed a significant effect of oxygen condition (3 = -1.02 mmol-L-, SE = 0.22,
95% CI [-1.47 to -0.57], p < 0.001), indicating a greater reduction in peak lactate following hyperoxic
(60% O2) compared with hypoxic (16% O2) training. Training condition explained an additional 15.8%
of variance beyond baseline lactate (AR2=0.158). The assumption of homogeneity of regression slopes
was satisfied (p = 0.882), supporting model validity. Descriptively, the hypoxia group exhibited a
slight increase in peak lactate concentration (+0.27 mmol-L'), whereas the hyperoxia group
demonstrated a reduction (-0.77 mmol-L-!). This pattern indicates lower post-exercise lactate
accumulation following hyperoxic training and suggests a reduced glycolytic contribution at
maximal effort.
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Figure 4. Differential Lactate Response Following Hyperoxic vs. Hypoxic Training. Effects of oxygen availability
on peak lactate concentration following 3 weeks of Tabata training. Left and middle panels display individual
pre- and post-training peak lactate values (mmol-L) under hyperoxic (60% FiOz) and hypoxic (16% FiOz)
conditions, respectively. The right panel illustrates relative percentage changes from baseline (baseline
normalized to 100%). Within-group changes are shown for descriptive purposes. Primary statistical inference

was based on ANCOVA adjusting post-intervention values for baseline lactate (p < 0.001=***; p < 0.01="*).

3.6. Perceived Exertion (Borg Scale)

Perceived exertion during training sessions was analyzed using a linear mixed-effects model to
account for repeated measurements across sessions. Borg scores decreased significantly over time (3
=—0.13 = 0.03 per session, 95% CI [-0.19 to -0.08], p < 0.001), indicating a progressive reduction in
perceived exertion across the intervention period. A significant Condition x Session interaction (3 =
—0.36 +0.04 per session, 95% CI [-0.44 to —0.28], p <0.001) demonstrated a substantially steeper decline
in perceived exertion under hyperoxic training compared with hypoxic training. At Session 1
(reference session), Borg scores were modestly higher in the hyperoxia group (5 = +1.01, p = 0.041).
However, the significant interaction indicates that perceived exertion decreased more rapidly across
sessions under hyperoxic conditions.

Borg Scale (Perceived Exertion)
LMM trend: Session p=3.6e-06 | ConditionxSession p=<2e-16

o
i
} | *
%
%

-®- Hypoxia
@ Hyperoxia

Borg score

©

1 2 3 4 5 6 7 8
Training session

Figure 5. Steeper Reduction in Perceived Exertion During Hyperoxic Compared to Hypoxic Training. Session-
by-session changes in Borg scale ratings during the 3-week intervention under hypoxic (16% O2) and hyperoxic
(60% O2) conditions. Values represent mean + SD. Linear mixed-effects modeling revealed a significant
Condition » Session interaction (p < 0.001), indicating a faster decline in perceived exertion over time in the
hyperoxic group. Asterisks denote between-condition differences at specific sessions (*= p < 0.05; **=p < 0.01; **=
p <0.001; ****=p <0.0001).
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Table 2. Linear mixed-effects model for Borg.
Fixed Effect Estimate (B) SE 95% CI df t  p-value
Intercept (16% — Session 1) 17.00 0.36 [16.29;17.71] 29.19 47.75 <0.001
Condition (60% vs. 16%) 1.01 0.47 [0.03;199] 29.19 214 0.041
Session (per session) -0.13 0.03 [-0.19;-0.08] 182 -4.78 <0.001
Condition x Session -0.36 0.04 [-0.44;-0.28] 182 -9.71 <0.001

3.7. Heart Rate Responses

3.7.1. Resting Heart Rate

Baseline resting heart rate was similar between groups. After the intervention, opposite
responses were observed according to oxygen condition. In the hypoxia group, resting heart rate
increased significantly from 72.5 + 8.1 to 74.6 £ 8.1 bpm (A = +2.1 bpm, p = 0.0006), whereas in the
hyperoxia group it decreased significantly from 70.7 + 10.5 to 66.6 + 8.9 bpm (A =—4.1 bpm, p <0.001).
Relative changes corresponded to 102.9 + 1.9% of baseline in hypoxia and 94.5 + 2.7% in hyperoxia.
Baseline-adjusted ANCOVA indicated a marked between-condition difference at post-intervention
(B =-6.39 bpm, 95% CI [-7.71 to -5.07], p < 0.001). However, the condition x baseline interaction was
significant (p = 0.0258), suggesting a potential violation of the homogeneity-of-regression-slopes
assumption; this adjusted effect should therefore be interpreted with caution. Individual trajectories
and percentage changes are shown in Figure 6.

Resting HR Hypoxia Resting HR Hyperoxia Resting HR Changes
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Figure 6. Resting heart rate responses following hyperoxic and hypoxic Tabata training. Left and middle panels
show individual pre- and post-intervention resting heart rate values in the hyperoxia and hypoxia groups,
respectively. Open circles indicate group means. The right panel shows percentage change relative to baseline
(baseline = 100%). Within-group changes are displayed for descriptive purposes. The primary between-group
inference was based on ANCOVA adjusting post-intervention values for baseline resting heart rate. (**=p <
0.001).

3.7.2. Maximal Heart Rate

Baseline maximal heart rate was also comparable between groups. Following training, maximal
heart rate remained relatively stable in both conditions. In the hypoxia group, HRmax decreased from
178.0 £18.3 to 174.1 + 20.6 bpm (A = -3.9 bpm, p = 0.0725), whereas in the hyperoxia group it changed
from 183.8 + 8.5 to 182.2 + 8.3 bpm (A =-1.6 bpm, p = 0.0892). Relative changes corresponded to 97.7
+ 3.7% of baseline in hypoxia and 99.1 + 1.7% in hyperoxia. ANCOVA adjusting for baseline HRmax
revealed no significant between-group difference (3 =2.02 bpm, 95% CI [-2.21 to 6.25], p = 0.331; AR?
=0.004). These findings indicate that oxygen condition did not significantly affect maximal heart rate
responses over the intervention period.
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Figure 6. Maximal heart rate responses following hyperoxic and hypoxic Tabata training. Left and middle panels
show individual pre- and post-intervention maximal heart rate values in the hyperoxia and hypoxia groups,
respectively. Open circles indicate group means. The right panel shows percentage change relative to baseline
(baseline = 100%). No significant between-group effect was observed after adjustment for baseline HRmax

session.

3.8. Integrated Training Effects

Baseline-adjusted ANCOVA analyses revealed consistent condition-dependent adaptations
between training conditions across maximal, submaximal, metabolic, and cardiac domains. A
significant effect of oxygen condition was observed for VO2max (p =2.18 mL-kg-min, 95% CI [1.77-
2.59], p < 0.001), indicating a greater improvement following hyperoxic training compared with
hypoxic training. The additional variance explained by training condition beyond baseline
performance was modest (AR? = 0.016), reflecting the strong predictive influence of baseline VO:2max
on post-intervention values. Similar patterns were observed for submaximal performance indices.
VT1 increased significantly more following hyperoxic training (8 =29.99 W, p <0.001), with condition
explaining an additional 8.6% of variance (AR? = 0.086). VT2 also improved significantly in the
hyperoxia group ( = 20.74 W, p = 0.001), although the magnitude of the effect was smaller (AR? =
0.045). Metabolic responses exhibited the opposite directional pattern. Peak lactate concentration
decreased significantly more following hyperoxic training (3 = -1.02 mmol-L-, p <0.001), suggesting
a reduced glycolytic contribution or altered metabolic response during maximal exercise. In this case,
the training condition explained 15.8% of additional variance beyond baseline values (AR? = 0.158).
Cardiac responses displayed a domain-specific pattern. Resting heart rate diverged markedly
between conditions, decreasing following hyperoxic training while increasing under hypoxic
training, indicating opposite resting cardiac responses depending on oxygen availability during
training. In contrast, maximal heart rate remained largely unchanged in both conditions and did not
differ significantly between groups after baseline adjustment, suggesting that oxygen availability
during training did not influence maximal chronotropic responses. Standardized effect size estimates
derived from gain scores suggested large differences between training conditions for VO2max and
lactate, and moderate-to-large effects for ventilatory thresholds. These estimates should be
interpreted cautiously because gain-score standardization may inflate standardized effects when
inter-individual variance is small. Correlation analyses further revealed coordinated physiological
adaptations across performance domains. Improvements in VO:2max were positively associated with
increases in VT1 (r = 0.65) and VT2 (r = 0.57) and inversely associated with changes in peak lactate
concentration (r = -0.72). After Holm correction for multiple comparisons, all correlations involving
AVO:2max remained statistically significant, whereas associations among submaximal and metabolic
variables did not survive correction. Collectively, these findings suggest that hyperoxic training
promoted coordinated physiological adaptations across multiple domains, including improvements
in maximal oxygen uptake, ventilatory thresholds, and metabolic responses to maximal exercise,
accompanied by divergent resting cardiac responses between conditions.
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Table 3. Integrated training effects across physiological domains (ANCOVA).
Outcome B 95% CI p-value AR? Partial R? t
VOrmax (ml-kg'min™)  2.18 [1.77; 2.59] <0.001 0.016 0.086 11.05
VT1 (W) 29.99 [17.09;42.89] <0.001 0.086 0.540 4.85
VT2 (W) 20.74  [9.43; 32.05] 0.001 0.045 0.423 3.83
Lactate (mmol-L) -1.02 [-1.47;,-0.57] <0.001 0.158 0.529 -4.74

Note. Values represent adjusted between-group differences (Hyperoxia — Hypoxia) estimated using analysis of
covariance (ANCOVA), with post-intervention values adjusted for baseline performance. (3 indicates the
adjusted mean difference between training conditions. AR? represents the additional proportion of variance
explained by training condition beyond baseline performance. Partial R? reflects the proportion of residual

variance attributable to the training condition after accounting for baseline values.

Table 4. Correlations between individual adaptations (A values).

Comparison r 95% CI p-value p-Holm
AVOomax - AVT1 0.65 [0.32; 0.84] <0.001 0.0042
AVO2max — AVT2 0.57 [0.21; 0.80] 0.0045 0.0182

AVO:2max — ALactate -0.72 [-0.87; -0.43] <0.001 <0.001
AVT1 - AVT2 0.47 [0.07; 0.74] 0.0229 0.0688
AVT1 - ALactate -0.42 [-0.71; -0.01] 0.0452 0.0903
AVT2 — ALactate -0.14 [-0.52; 0.29] 0.5352 0.5352

4. Discussion

Oxygen is not merely a substrate; at supramaximal intensities, its availability can reshape the
internal metabolic environment of a training session even when the external prescription remains
comparable. In the present protocol, both groups performed Tabata intervals targeting 170% of
individually determined VO:max-derived wattage from CPET. However, training intensity was
operationally regulated by maintaining participants above ~85% of maximal heart rate, allowing the
workload to be individually adjusted across sessions to preserve a comparable internal physiological
stimulus. Training intensity was therefore regulated to maintain a comparable internal physiological
stimulus rather than an identical external workload. This approach reflects contemporary exercise
physiology frameworks emphasising internal physiological load as the primary driver of training
adaptation [22,40]. Consequently, the primary experimental variable remained the fraction of
inspired oxygen (FiOz) breathed during the intervals

After three weeks, the groups diverged not only in aerobic capacity (VO2max: +3.69 vs. +1.50
mL-kgmin™; $=2.18 [95% CI: 1.54-2.82], p <0.001) but also in the direction of their lactate response:
lower under hyperoxia and higher under hypoxia. This bidirectional response is central to the present
findings. It suggests that VO:max, the conventional primary endpoint, is insufficient to fully
discriminate the metabolic phenotype induced by each oxygen condition. In contrast, the lactate
response more clearly reveals the divergent metabolic adaptations associated with hyperoxic versus
hypoxic training environments.

These findings are therefore interpreted within an internal-load framework, acknowledging that
external workload was adjusted across sessions to maintain the targeted physiological intensity. As
a result, oxygen availability likely influenced the metabolic cost of achieving a similar internal
training stimulus rather than acting on a strictly identical external workload. Importantly, realized
interval work was not independently recorded, and all mechanistic interpretations remain inferential
pending direct molecular and metabolic validation.
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Figure 8. Integrative model of the effects of inspired oxygen fraction on metabolic stress and training adaptations
during supramaximal HIIT. Participants performed three weeks of supramaximal high-intensity interval
training under hyperoxic (FiO2 = 0.60) or hypoxic (FiOz = 0.16) conditions. Although external workload was
comparable between groups, inspired oxygen fraction modulated internal physiological load. Hyperoxia
favored oxidative metabolism and resulted in greater improvements in VO2max and ventilatory thresholds,
accompanied by reduced lactate accumulation and perceived exertion. In contrast, hypoxia increased reliance

on glycolytic metabolism, leading to higher lactate responses and smaller improvements in aerobic capacity.

4.1. VO2max: Oxidative Stimulus Quality Under a Fixed Prescription

The VO2max advantage observed under hyperoxia (8 = 2.18 mL-kg'-min" [95% CI: 1.54-2.82], p
< 0.001) is informative because target power was prescribed at identical relative intensity in both
groups. Two considerations nevertheless qualify this comparison. VO2max-derived wattages were
determined on an electromagnetically braked cycle ergometer and transferred to the Assault Bike, an
air-resistance device with distinct biomechanics (bilateral arm-leg involvement) and a device-specific
power estimation algorithm with limited validation at supramaximal intensities. In addition, cadence
variation on air-resistance devices can produce disproportionate differences in realized power.
Consequently, potential between-condition cadence drift would not be detectable from the displayed
target alone. Adaptive divergence therefore most plausibly reflects differences in internal metabolic
cost, while acknowledging that differences in realized external work may also have contributed.

Expressed as a weekly rate (A + 3 weeks; linear approximation; [41], hyperoxia yielded ~+1.23
vs. ~+0.50 mL-kg-min~-wk™! for hypoxia. The hypoxia rate aligns with the HIIT meta-analytic mean
[3], whereas the hyperoxia rate approaches the weekly improvement reported in the original Tabata
protocol despite half the session frequency [4].

At FiO:2 0.60, prior work suggests arterial Oz saturation remains near its physiological ceiling
during supramaximal exercise [7]. Because SaO: was not measured, this inference remains indirect.
Under comparable prescribed targets and a similar internal training stimulus, hyperoxia would be
expected to reduce the metabolic cost required to sustain the interval workload. Net realized power
was not independently recorded, and intracellular metabolites were not measured. Across 9 sessions,
even modest per-interval reductions in metabolic perturbation could accumulate into a substantial
difference in oxidative stimulus quality.

Across studies tightly controlling external workload, incremental aerobic benefits of hyperoxia
are generally smaller or inconsistent [20] supporting the interpretation that FiO2 primarily modulates
the internal metabolic cost of a prescribed target rather than acting as an independent driver of
adaptation.
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This effect may also depend on the intermittent nature of oxygen exposure. In mice, training
under intermittent hyperoxia (cycling between 21% and 30% Oz) increased maximal exercise capacity
compared with normoxic training, whereas continuous hyperoxia produced no advantage [13],
consistent with the plausibility of an interval-based hyperoxic exposure design.

The hypoxia group’s +1.50 mL-kg?-min~ improvement (3 = 1.50, p < 0.001) is indistinguishable
from published HIIT benchmarks [3], consistent with a normotypic aerobic response. Three weekly
sessions of FiO2 0.16 remain far below the sustained exposure required to stimulate EPO-mediated
erythropoiesis (212 h-day for 24 weeks;[18]), precluding a haemic contribution. The AR? = 0.016
attributable to condition further indicates that baseline aerobic fitness, not oxygen fraction, is the
primary determinant of adaptive magnitude, with oxygen availability modulating adaptation
efficiency around this baseline.

4.2. Enhanced Ventilatory Threshold Adaptations

Hyperoxia shifted both ventilatory thresholds substantially (VT1: p =29.99 W, p <0.001; VT2:
=20.74 W, p = 0.001), corresponding to increases of +22.0% and +13.2%, respectively. In contrast,
hypoxia produced smaller changes (+6.2% and +7.2%). For context, Maciejczyk et al. [42], reported
improvements of approximately +7-11% following four weeks of intermittent hypoxic training.

The magnitude observed under hyperoxia was therefore substantially larger despite the shorter
intervention duration, although differences in protocol and population limit direct comparison.

The asymmetric VI1-VT2 pattern carries mechanistic implications. Under hyperoxia, VT1
improved more than VT2, consistent with preferential improvement in oxidative efficiency at
moderate-to-heavy exercise intensities [22]. This pattern is compatible with enhanced mitochondrial
coupling and improved submaximal lactate clearance [21], although it does not allow attribution to
specific transporter or mitochondrial adaptations. In contrast, the hypoxia condition produced near-
symmetric threshold shifts with a marginal VT2 advantage, suggesting modest glycolytic
upregulation without substantial improvement in submaximal aerobic efficiency [22].

Ventilatory thresholds reflect the integrated balance between oxidative energy provision, CO:z
buffering, and systemic acid-base regulation [22]. Their differential displacement under an identical
prescribed workload therefore provides independent support for the internal-load interpretation: the
same external prescription generated qualitatively distinct internal metabolic stimuli.

4.3. Reduced Peak Lactate Accumulation Following Hyperoxic Training

Peak blood lactate changed in opposite directions (3 =-1.02 mmol-L-, p <0.001; -0.77 hyperoxia;
+0.27 hypoxia) despite comparable target workload. This bidirectional response provides the clearest
mechanistic discrimination between conditions. A study reporting only VO:2max, which increased
significantly under both conditions, would characterize both groups as aerobically adaptive. The
lactate data reveal that the underlying metabolic remodeling is qualitatively divergent.

The hyperoxia pattern, lower peak lactate with higher VO:max and elevated thresholds, is
consistent with the canonical signature of aerobic training adaptation. At a fixed supramaximal
prescription, hyperoxia attenuates net systemic lactate appearance and glycogenolytic flux [8].
Training-induced upregulation of Monocarboxylate transporter 1 (MCT1) and mitochondrial-
associated LDH increases the capacity for oxidative lactate clearance. This adaptation can occur
independently of major changes in glycolytic enzyme activity [21,43-45]. The observed lactate
reduction is therefore compatible with an altered balance between lactate appearance and disposal
consistent with, but not diagnostic of, transporter and mitochondrial remodeling. Production versus
clearance contributions cannot be resolved without isotope-tracer Ra/Rd measurements[45].

Preclinical support is provided by Suzuki (2024). In mice exposed to intermittent hyperoxia,
pyruvate dehydrogenase complex activity increased across oxidative tissues including red
gastrocnemius, diaphragm, and left ventricle (BF >3). The LDH-LP/LDH-PL ratio also shifted toward
enhanced oxidative lactate utilization [13]. Direct murine-to-human extrapolation requires caution,
but this molecular profile is coherent with the lactate reduction observed here.
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The lactate increase observed in the hypoxia group should not be interpreted as maladaptation
but rather as expression of a distinct metabolic phenotype. Repeated supramaximal efforts under
oxygen restriction selectively upregulate glycolytic capacity, including phosphofructokinase activity
and LDH-M isoform expression [10]. Under the fixed prescription used here, FiO2 0.16 increases
glycolytic reliance within each interval, thereby providing a systematic training stimulus for
anaerobic enzymatic upregulation. This metabolic shift represents the expected physiological
consequence of the protocol design.

4.4. Perceived Exertion Adaptations

RPE decreased more steeply across sessions in the hyperoxia condition (Condition x Session
interaction, p < 0.001) despite comparable target workload. Within the psychobiological model of
effort [23] and central regulation frameworks of exercise performance [46], perceived effort is thought
to reflect the balance between central motor command and sensory feedback from the working
musculature. Group III/IV muscle afferent feedback increases in proportion to intramuscular
metabolic perturbation [47-50]. If hyperoxia attenuates that perturbation at a given external
workload, as suggested by the lactate and threshold responses observed here, lower perceived effort
represents a plausible physiological consequence. Direct causal confirmation would require afferent-
level measurements such as muscle oxygenation assessed via near-infrared spectroscopy, arterial
oxygen saturation kinetics, or experimental afferent blockade, none of which were recorded in the
present study.

The steeper decline in RPE may therefore represent a potential self-reinforcing internal-load
loop. Reduced metabolic disturbance would attenuate afferent inhibition, potentially allowing
higher-quality motor recruitment at the prescribed target wattage. Over repeated sessions this could
increase cumulative oxidative stimulus while lowering the perceived cost of maintaining the
prescribed workload. This interpretation is mechanistically coherent and consistent with the parallel
divergence observed in RPE and VO:max, although it remains inferential. The small additional
variance explained by condition (AR? = 0.016) indicates that this mechanism likely amplifies pre-
existing aerobic capacity rather than generating adaptation de novo. Hyperoxic HIIT may therefore
be most effective in athletes for whom afferent inhibition represents a limiting constraint on training
quality during supramaximal interval exercise.

4.5. Molecular Hypotheses: NOP and the ROS-Nrf2-PGC-1a Axis

The cyclic FiO: transitions, 0.60 during intervals and ~0.21 during recovery, may engage oxygen-
sensitive transcriptional programs beyond those driven by mechanical load alone. Two candidate
pathways are considered here as strictly hypothesis-generating; no molecular endpoint was
measured in the present study, and neither mechanism is invoked to explain the observed
performance outcomes.

The Normobaric Oxygen Paradox (NOP) [15] proposes that the post-interval return to normoxia
may be sensed by prolyl hydroxylase domain proteins as a relative decrease in POz. This has been
proposed to transiently stabilize HIF-1a and elevate erythropoietin production [14,51]. A more
widely replicated candidate mechanism involves reactive oxygen species (ROS) acting as redox
signaling molecules at sub-toxic concentrations, a process described as oxidative eustress [52].
Hydrogen peroxide promotes dissociation of Nrf2 from its cytosolic inhibitor Keapl, enabling
nuclear translocation and activation of antioxidant response element (ARE)-dependent transcription
[53,54]. This pathway can promote mitochondrial biogenesis through upregulation of PGC-1a [55],
acting additively with the canonical AMPK/CaMKII — PGC-la signaling cascade induced by
exercise [56,57].

Nevertheless, recent human data indicate that pulsed hyperoxia can modulate circulating
oxidative stress markers and is accompanied by signals consistent with mitochondrial biogenesis in
peripheral blood mononuclear cells, suggesting that intermittent hyperoxic exposure may engage
redox-sensitive adaptive pathways in vivo [58].
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Preclinical evidence in an exercise-hyperoxia context is provided by Suzuki [13]. Acute
intermittent hyperoxia elevated TFAM (BF >10) and PFK (BF >10) mRNA expression in red
gastrocnemius within three hours. Four weeks of intermittent hyperoxic training increased NT-
PGCla nuclear protein abundance and HAD activity (BF 23-7.9), indicating coordinated
upregulation of mitochondrial biogenesis and fatty-acid oxidative capacity. Extrapolation to humans
requires caution given species differences and the lower FiO:2 used in the present protocol (0.60 vs.
0.30). Nevertheless, a recent study from our group showed a positive increase of some biomarkers
showing that a low intensity training with the adjunction of hyperoxia (even moderate) was able to
act as a stimulating metabolic modulator [59].

Future trials should therefore incorporate direct molecular endpoints, including serum EPO,
systemic oxidative stress markers (e.g., 8-isoprostane), and skeletal muscle biopsy analyses of
mitochondrial and metabolic proteins such as citrate synthase, TEFAM, and MCT1/MCT4.

4.6. Hypoxia: A Mechanistic Double Constraint

The hypoxia profile observed here, normotypic VO2max improvement combined with elevated
peak lactate and modest threshold shifts, is consistent with the internal-load framework described
above. At 170% VO:max-watts, breathing FiO2 0.16 increases glycolytic reliance during each interval
while simultaneously constraining oxidative flux. However, the hypoxic exposure used in the present
protocol is far below the dose required to induce haematological adaptations (=12 h-day~ over >4
weeks; [18,60]. As a result, the intervention provides neither sufficient hypoxic exposure to stimulate
erythropoietic adaptation nor a clear additional stimulus for aerobic remodeling beyond
conventional HIIT. The resulting phenotype therefore reflects a predictable interaction between
supramaximal exercise intensity and limited hypoxic dose rather than a failure of physiological
adaptation.

4.7. Limitations and Future Directions

Several methodological and logistical constraints should be considered when interpreting the
present findings.
External-Load Metrology.

Three interrelated metrological limitations bound the external-load interpretation. First,
VO2max-derived wattage was determined on an electromagnetically braked ergometer and
subsequently transferred to the Assault Bike (Rogue Fitness), an air-resistance device with distinct
biomechanics involving bilateral arm-leg coupling and a proprietary power estimation algorithm.
Wattage equivalence across ergometer types cannot therefore be assumed. Second, on air-resistance
devices, resistance and power scale non-linearly with cadence, meaning that small cadence
differences between conditions could produce amplified differences in realized work. Because
training intensity was regulated to maintain a comparable internal physiological stimulus rather than
an identical external workload, some variability in realized external power between sessions cannot
be excluded.

Sample Size and Intervention Duration.

The relatively small sample size limits statistical power and may have masked subtle inter-group
differences. In addition, the intervention duration (three weeks with nine sessions) was shorter than
classical Tabata-style interventions, which often span approximately six weeks. Such reduced
exposure likely attenuated the magnitude of metabolic and physiological adaptations, particularly
those associated with cumulative mitochondrial remodeling and enzymatic upregulation.

Training Prescription Anchors.

Exercise intensity in the present protocol was prescribed as a fixed percentage of VO:max-
derived power to remain consistent with the original Tabata design. However, recent methodological
work indicates that prescribing intensity based on maximal anchors (e.g., VO2max, Wmax, HRmax)
may not reliably target distinct metabolic domains, whereas submaximal anchors such as ventilatory
or lactate thresholds provide more precise physiological workload prescription (Jamnick et al., 2020).
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Continuous lactate measurements during the incremental ramp test would therefore have allowed a
more detailed characterization of the metabolic response to different oxygen fractions.
Molecular and biochemical endpoints.

No direct molecular measurements were collected. Muscle biopsy analyses (e.g., citrate synthase
activity, TFAM expression, MCT1/MCT4 abundance) and circulating biomarkers such as
erythropoietin, total antioxidant capacity, or oxidative stress markers (e.g., 8-isoprostane) would
have enabled direct testing of the mechanistic hypotheses proposed here. Similarly, isotope-tracer
lactate kinetics (Ra/Rd) would be required to distinguish whether the observed lactate changes
primarily reflect altered production, enhanced clearance, or both.

Temporal resolution and generalizability.

The pre—post design provides only two time points and cannot capture the temporal dynamics
of training adaptation. Aerobic adaptations are typically non-linear and often front-loaded during
the early neural and enzymatic phases of training. Weekly repeated measurements would allow
determination of whether divergence between conditions emerges during early metabolic
adjustments (weeks 1-2) or later structural adaptations (weeks 2-3). Additionally, the exclusively
male trained-athlete sample limits generalisability to female athletes, older populations, and
individuals with altered oxygen-delivery kinetics.

Dose—response uncertainty.

The optimal FiO: for hyperoxic interval training remains undetermined. Oxygen fractions
substantially higher than those used here may increase reactive oxygen species to levels that activate
pro-apoptotic rather than adaptive signaling cascades (Sies & Jones, 2020). Systematic dose-response
trials across FiO: values ranging approximately from 0.30 to 0.80, combined with detailed
physiological and molecular instrumentation, are therefore required to define the adaptive window
of intermittent hyperoxia.

Despite these limitations, the present study contributes to a growing body of research exploring
the interaction between oxygen availability and high-intensity interval training. The hypotheses
generated here provide a framework for future investigations aimed at clarifying the mitochondrial
and metabolic responses to intermittent hyperoxia in exercise contexts.

5. Conclusions

Three weeks of Tabata-format HIIT performed under comparable prescribed targets produced
divergent adaptive phenotypes as a function of inspired O: fraction. Hyperoxia induced greater
improvements in VOxmax, larger ventilatory threshold shifts, and lower peak lactate, whereas
hypoxia produced a normotypic aerobic gain accompanied by a glycolytic phenotype characterized
by elevated peak lactate. The bidirectional lactate response, rather than VO:max alone, emerged as
the most mechanistically informative signal, indicating qualitatively distinct metabolic remodeling
under the two oxygen conditions. These findings are most consistently interpreted within an internal-
load framework in which FiO2 modulates the metabolic cost required to sustain each training interval.
Interpretation must nevertheless consider external-load metrology. VO:max-derived wattage was
transferred from an electromagnetically braked ergometer to an Assault Bike, and interval power was
monitored visually rather than recorded. Consequently, a partial contribution of divergent realized
workloads cannot be excluded. However, the convergence of four independent physiological
signals—VOz2max, ventilatory thresholds, peak lactate, and RPE—supports the internal-load
interpretation. More broadly, these findings identify inspired oxygen fraction as a controllable
environmental variable capable of shaping the metabolic phenotype of high-intensity interval
training.
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The following abbreviations are used in this manuscript.

ATP Adenosine triphosphate

DTM Double trunk mask

FiO2 Inspired oxygen fraction

FMD Flow-mediated dilation

GSH Reduced glutathione

GSSG Oxidized glutathione

H20: Hydrogen peroxide

HFNO High-flow nasal oxygen

HIT High-intensity interval training

HIF-1a Hypoxia-inducible factor-1 alpha

NADH Nicotinamide adenine dinucleotide (reduced form)

NAD* Nicotinamide adenine dinucleotide (oxidized form)

NOP Normobaric oxygen paradox

NRF2 Nuclear factor erythroid 2-related factor 2

PDH Pyruvate dehydrogenase

RER Respiratory exchange ratio

ROS Reactive oxygen species

RPE Rating of perceived exertion

VE Minute ventilation

VCO: Carbon dioxide output

VO: Oxygen uptake

VOxmax  Maximal oxygen uptake

VT1 First ventilatory threshold

VT2 Second ventilatory threshold
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