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Purpose: To investigate the effects of a repeated-sprint training in hypoxia induced by voluntary hypoventilation at low lung volume (RSH-VHL) including end-expiratory breath holding (EEBH) of maximal duration.Methods: Over a 4-week period, twenty elite judo athletes (10 women and 10 men) were randomly split into two groups to perform 8 sessions of rowing repeated-sprint exercise either with RSH-VHL (each sprint with maximal EEBH) or with unrestricted breathing (RSN, 10-s sprints). Before (Pre-), 5 days after (Post-1) and 12 days after (Post-2) the last training session, participants completed a repeated-sprint ability (RSA) test on a rowing ergometer (8 × 25-s “all-out” repetitions interspersed with 25 s of passive recovery). Power output (PO), oxygen uptake, perceptual-motor capacity (turning off a traffic light with a predetermined code), cerebral (Δ[Hbdiff]) and muscle (Δ[Hb/Mb]diff) oxygenation, cerebral total haemoglobin concentration (Δ[THb]) and muscle total haemoglobin/myoglobin concentration (Δ[THb/Mb]) were measured during each RSA repetition and/or recovery period.Results: From Pre-to Post-1 and Post-2, maximal PO, mean PO (MPO) of the first half of the test (repetitions 1–4), oxygen uptake, end-repetition cerebral Δ[Hbdiff] and Δ[THb], end-repetition muscle Δ[Hb/Mb]diff and Δ[THb/Mb] and perceptual-motor capacity remained unchanged in both groups. Conversely, MPO of the second half of the test (repetitions 5–8) was higher at Post-1 than at Pre-in RSH-VHL only (p < 0.01), resulting in a lower percentage decrement score over the entire RSA test (20.4% ± 6.5% vs. 23.9% ± 7.0%, p = 0.01). Furthermore, MPO (5–8) was greater in RSH-VHL than in RSN at Post-1 (p = 0.04). These performance results were accompanied by an increase in muscle Δ[THb/Mb] (p < 0.01) and a concomitant decrease in cerebral Δ[THb] (p < 0.01) during the recovery periods of the RSA test at Post-1 in RSH-VHL.Conclusion: Four weeks of RSH-VHL including maximal EEBH improved the ability of elite judo athletes to repeat high-intensity efforts. The performance improvement, observed 5 days but not 12 days after training, may be due to enhanced muscle perfusion. The unchanged oxygen uptake and the decrease in cerebral regional blood volume observed at the same time suggest that a blood volume redistribution occurred after the RSH-VHL intervention to meet the increase in muscle perfusion.Keywords: hypoxia, hypercapnia, breath holding, repeated-sprint ability, training
1 INTRODUCTION
Among the different altitude/hypoxic training methods, the “Living Low-Training High” approach (LLTH) has gained in popularity over the last decade. One of the advantages of LLTH is that it limits the constraints for athletes in terms of logistics and time of exposure to hypoxia (generally < 2 h). The LLTH approach can be implemented through passive (i.e., ischemic pre-conditioning and intermittent hypoxic exposure at rest) or active (e.g., interval hypoxic training, repeated-sprint training in hypoxia) modalities (Girard et al., 2020).
Recently, a new active modality, the so-called voluntary hypoventilation at low lung volume (VHL), has been included in the nomenclature of the LLTH methods (Girard et al., 2017). The VHL technique, which consists of repeating short bouts of exercise (generally 4–6 s) with end-expiratory breath holding (EEBH), has been consistently reported to induce a drop in peripheral arterial oxygen saturation (SpO2) (i.e., down to 86%–88% on average) and in muscle oxygenation as well as higher levels of blood and pulmonary carbon dioxide partial pressures as compared with the same exercise performed with unrestricted breathing (Kume et al., 2016; Toubekis et al., 2017; Woorons et al., 2007; Woorons et al., 2008; Woorons et al., 2010; Woorons et al., 2014; Woorons et al., 2017). After several weeks of high-intensity VHL training, significant gains in anaerobic performance (Trincat et al., 2017; Woorons et al., 2016; Woorons et al., 2019a) and in repeated-sprint ability (RSA) (Ait Ali Braham et al., 2024; Brocherie et al., 2022; Fornasier Santos et al., 2018; Lapointe et al., 2020; Trincat et al., 2017; Woorons et al., 2019a; Woorons et al., 2020) have been reported in athletes of different sporting disciplines.
Since 2021, a more ambitious approach of the VHL method, combining high or supramaximal exercise intensities with maximal EEBH has been acutely investigated in several studies (Woorons et al., 2021a; Woorons et al., 2021b; Woorons et al., 2023). Under this condition, dramatic drops of SpO2 have been recorded (i.e., down to 73%–75%) and were accompanied by large and early decline in muscle oxygenation (Woorons et al., 2021b; Woorons et al., 2023). A marked increase in left ventricular stroke volume (Woorons et al., 2021a) as well as in muscle and cerebral blood volume (Woorons et al., 2023) were also reported. However, the impact of this specific maximal EEBH approach on performance and the physiological adaptations it may induce after a period of training remain to be investigated.
So far, it has been shown that performing a repeated-sprint training in hypoxia induced by VHL (RSH-VHL) with EEBH of 6-s duration could lead to higher oxygen uptake (Woorons et al., 2019a) and greater muscle reoxygenation (Lapointe et al., 2020) during a RSA test in cyclists and basketball players, respectively after 3 and 4 weeks of training. However, in these studies, no improvement in muscle oxygen utilization or in muscle perfusion was found. These results may be different when the hypoxic stimulus is enhanced through maximal EEBH. Furthermore, the influence of VHL training on cerebral oxygenation, which has been shown to play a role in motor fatigue and cognitive performance during strenuous exercise (Mekari et al., 2015), has yet to be investigated. Another point is that only a single post-test (ranging from 2 days to 1 week after the end of the training period) was implemented in the previous studies investigating the chronic effects of VHL (Brocherie et al., 2022; Fornasier-Santos et al., 2018; Trincat et al., 2017; Woorons et al., 2019a). It remains unknown whether a change in performance and/or in physiological parameters could still occur, or even be greater, more than 1 week after the end of the training period. Finally, while high-intensity VHL training has been shown to be effective in highly-trained athletes up to national level, its efficacy in elite athletes, who generally have less room for performance improvement, remains to be demonstrated.
Therefore, the main objective of the present study was to investigate the effects of 4 weeks of RSH-VHL including maximal EEBH on RSA performance and on muscle and cerebral oxygenation in elite judo athletes. We aimed to assess these effects within the first and the second week following the end of the training period. We hypothesized that the RSH-VHL intervention would improve RSA to a greater extent than similar training with unrestricted breathing. We also assumed that the increase in performance after RSH-VHL would be accompanied by greater muscle oxygen utilization, enhanced muscle perfusion and possibly improved cerebral oxygenation.
2 METHODS
2.1 Participants
Twenty elite judo athletes (10 women and 10 men) belonging to a French National Center were selected to participate in this study. Participants were engaged in competition at national and international levels and reported at least 10 years of judo practice at the time of the experiment. Their weekly training volume was about 20 h (11–13 sessions per week). Participants belonged to two different training groups, male and female, which followed the same training program within each group during the study. The main characteristics of the participants are presented in Table 1. All of the participants were sea level residents (i.e., < 500 m) and were not acclimatized or recently exposed to altitude or hypoxia before and during the experiment. Furthermore, none of them had ever used any hypoxic or VHL training methods before the study. The participants gave their written informed consent to participate in this study which was approved by the French Ethics Committee for Research in Sports Science (2019-22-02-32) and complied with the Declaration of Helsinki (2008).
TABLE 1 | Characteristics of the subjects.
[image: Table 1]2.2 Study design
The experimental protocol (Figure 1) consisted of performing 8 supervised training sessions of repeated “all-out” rowing exercises (i.e., repeated sprints) over a 4-week period. Four days before (Pre-), 5 days after (Post-1) and 12 days after (Post-2) the training period, a testing session was carried out on a rowing ergometer for the assessment of RSA and the measurement of physiological parameters. The choice to use a rowing ergometer for this study was made in agreement with the coaches of the French Judo Federation based on the fact that the movements are specific to judo. Over the 4 weeks prior to the start of the experiment, participants were asked to perform two weekly 30-min sessions of rowing exercises (one at moderate intensity and the other at high intensity). They were therefore familiarized to this type of exercise when they carried out the first testing session. All training and testing sessions were performed at sea level (normoxia), in an air-conditioned room with an ambient temperature maintained at 18C°–19°C. Participants were matched into pairs for gender and their performance level (i.e., mean power output) recorded in the rowing high-intensity sessions preceding the experiment. They were then randomly assigned by drawing lots within each pair to a group that performed the rowing repeated-sprint exercises either in hypoxia induced by VHL (RSH-VHL, n = 10) or with unrestricted breathing (RSN, n = 10). Before the start of the experiment, participants were familiarized with the testing procedures and with the VHL technique which has been used and described previously (Woorons et al., 2017).
[image: Figure 1]FIGURE 1 | Experimental design of the study. RSH-VHL, repeated-sprint training with voluntary hypoventilation at low lung volume; EEBH, end-expiratory breath holding; RSN, repeated-sprint training with unrestricted breathing; rec, recovery; d, days.
2.3 Testing
The RSA test consisted of eight “all-out” 25-s repetitions (with unrestricted breathing) interspersed by 25 s of passive recovery performed on a rowing ergometer using an air-braked resistance mechanism generated by a spinning flywheel (Concept 2, Inc., Morrisville, United States). The air resistance of the rowing ergometer, which ranges from 1 to 10, was set relative to each participant’s body weight. Before testing, a standardized warm-up (i.e., 10 min of exercise at low-to-moderate intensity and two 10-s sprints at maximal intensity) was implemented. After a 10-min resting period, during which the experimental equipment was placed on the participants, a single “all-out” 25-s repetition was performed to determine the reference mean power output (MPOref). It was followed by 5 min of rest before starting the RSA test. In the first repetition of the test, participants were required to achieve at least 90% of MPOref. If they failed to do so, they had to restart the RSA test after a 5-min period of rest. All participants were strongly encouraged to maintain the highest intensity during each repetition. Within the 24 h preceding the tests, they were instructed to avoid high-intensity training and to refrain from consuming caffeine and alcohol. Each participant performed the same test at the same time and day before and after the training period.
2.4 Training
Over a 4-week period, participants had to complete eight repeated-sprint sessions (two per week separated by 48–72 h) on the same rowing ergometer and with the same resistance as for the testing sessions. Training included the same 10-min warm-up as for the testing sessions. In the RSH-VHL group, participants were required to perform each sprint with maximal EEBH. This specific VHL approach has been used and described in previous studies (Woorons et al., 2021a; Woorons et al., 2021b; Woorons et al., 2023). Briefly, at the start of each sprint, participants had to do a first exhalation down to around the functional residual capacity (i.e., “normal exhalation”) then to row at maximal intensity while maintaining EEBH for as long as possible. Each sprint ended at the release of EEBH (i.e., at the breaking point) with a second exhalation down to the residual volume to empty the air remaining in the lungs. It was then followed by 20 s of semi-active recovery (rowing at very low intensity) with unrestricted breathing. In the preparation phase of this study, we observed that EEBHs could be maintained for ∼10 s. Therefore, in the RSN group, participants were required to perform 10-s rowing sprints at maximal intensity and with unrestricted breathing. In this group, the start of the sprints was given every 30 s (same duration and modality of recovery as in the RSH-VHL group). In the first session, both groups had to complete two sets of 10 sprint repetitions. From the 2nd to the 4th session, they completed 3 sets of 10 sprints. Over the next four sessions, the number of sprints per set was progressively increased according to the participants’ rate of perceived exertion (RPE, 10-point Borg scale), reaching a maximum of 12 repetitions per set in the last session. Each set was separated by 3 min of active recovery (i.e., rowing at low intensity).
2.5 Measurements
2.5.1 Training
All training sessions were supervised by the same experimenter. For each participant, the number of sets and sprints per set, as well as the end-exercise RPE were measured at each session. During two repeated-sprint sessions including three sets, power output was measured (PM3 Performance Monitor, Concept 2, Inc., Morrisville, United States) and averaged over the duration of each sprint. Furthermore, SpO2 was continuously recorded (Nellcor PM10-N, Pleasanton, CA, United States) in all participants of both groups. In addition, for the RSH-VHL group, the duration of each sprint with EEBH was measured.
2.5.2 Testing
2.5.2.1 Performance
Power output was measured with the PM3 Performance Monitor of the Concept 2 ergometer (Inc., Morrisville, United States) and averaged over each 25-s repetition (MPO, expressed in watts) for the analyses. The maximal MPO (MPOmax) reached in the RSA test was determined and the average MPO over the 8 repetitions (MPOmean(1–8)) was calculated in absolute (i.e., watts) and in relative values (i.e., percentage of MPOref) as previously done (Fornasier-Santos et al., 2018; Brocherie et al., 2022). Given that most of the previous RSH-VHL studies using a closed-loop RSA test reported a greater performance improvement in the second than in the first part of the test (Ait Ali Braham et al., 2024; Brocherie et al., 2022; Lapointe et al., 2020; Woorons et al., 2019a), we also analysed separately the mean MPO over repetitions 1–4 (MPOmean(1–4)) and over repetitions 5–8 (MPOmean(5–8)). RPE was assessed at the end of the RSA test. Fatigue was also evaluated through the percentage decrement score (Sdec) as follows.
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Where total repetitions MPO is the sum of the 8 repetitions MPO (in watts) and ideal repetitions MPO is the number of repetitions (i.e., 8) × highest MPO (in watts) reached in the single 25-s repetition or in the RSA test.
This formula has been found to be the most valid and reliable method for quantifying fatigue in tests of multiple-sprint performance (Glaister et al., 2008).
2.5.2.2 Perceptual-motor capacity
Perceptual-motor capacity, which is an important component during a judo match, was evaluated during the recovery periods of the RSA test after the second, fourth, sixth and eight repetition (WittySem device, Microgate, United States). Four traffic lights were used and positioned in pairs (one high and one low) on either side of the rowing ergometer. Each test started immediately after the end of the repetitions and lasted 20 s. It consisted of catching (i.e., turning off) as many times as possible the traffic light randomly displaying a predetermined code by approaching the proximity sensor with a hand. The total number of hits was measured for each test.
2.5.2.3 Gas exchange and heart rate
After performing the standardized calibration procedures, gas exchange was continuously recorded during the entire RSA test with a breath-by-breath portable system (K4b2, Cosmed, Rome, Italy). Oxygen uptake ([image: image]), ventilation ([image: image]), end-tidal partial pressures in oxygen (PETO2) and in carbon dioxide (PETCO2) were measured. Heart rate (HR) was also measured with the same device via an association with a Polar T34 strap (Polar Electro Inc., Lake Success, NY, United States) placed on the chest of participants. We also calculated oxygen pulse ([image: image]/HR) which provides an index of stroke volume during steady-state submaximal exercise (Whipp et al., 1996) but might also be used during repeated-sprint exercise (Woorons et al., 2019a). As reported elsewhere (Lapointe et al., 2020; Woorons et al., 2019a), we chose to analyse data over both the 25-s repetitions and the 25-s recovery periods of the RSA test.
2.5.2.4 Arterial oxygen saturation
SpO2 was measured throughout the RSA test with the pulse oximeter Nellcor PM10-N (Pleasanton, CA, United States) and an adhesive forehead sensor (Max-Fast, Nellcor, Pleasanton, United States) which was positioned above the left orbital area. An adjustable headband was placed over the forehead sensor to ensure gentle, consistent pressure on the sensor device. SpO2 was recorded in real time second per second and collected using a data acquisition system (Score Analysis Software, Nellcor, Pleasanton, United States). Data were averaged over 2-s periods and the values were analyzed in the last 2 s of each repetition and recovery period.
2.5.2.5 Near-infrared spectroscopy
Cerebral and muscle oxygenation were assessed using the near-infrared spectroscopy (NIRS) technique (Boushel and Piantadosi, 2000) at wavelengths between 760 and 850 nm. For cerebral oxygenation, we used the PortaLite device (Artinis Medical Systems, Einsteinweg, Netherlands) which position was standardized on the surface of the right prefrontal cortex (above the eyebrow, between the midline of the skull and the temporalis muscle) (Billaut et al., 2013; Willis et al., 2017; Woorons et al., 2019b). The probe was secured with a double-sided tape and was placed under the headband used for maintaining the forehead sensor of the pulse oximeter. An age-dependent differential pathlength factor was used (Duncan et al., 1996). For muscle oxygenation, we used the PortaMon device (Artinis Medical Systems, Einsteinweg, Netherlands) which was placed at the lower third of the right-leg vastus lateralis muscle, parallel to the long axis of the muscle. A differential pathlength factor of 4.0 was used. The probe was attached to the skin with a double-sided tape and firmly fastened with an opaque cotton elastic band wrapped around participants’ thigh. Position of the probe was marked at the first testing session with a permanent pen. Participants were asked to maintain this mark during the whole protocol for accurate repositioning at the following testing sessions. For both cerebral and muscle NIRS measurements, we used the greatest distance between the receiver and transmitters (i.e., interoptode spacing of 40 mm). All NIRS signals were acquired with the OxySoft software (Artinis Medical Systems, Elst, Netherlands) and recorded with a sampling frequency of 10 Hz. A 10th-order low-pass zero-phase Butterworth filter (cut-off frequency 0.1 Hz) was applied to reduce artefacts and smooth the signal perturbations (Woorons et al., 2019a).
Concentrations of oxyhaemoglobin ([O2Hb]) and deoxyhaemoglobin ([HHb]) were recorded at the cerebral level while muscle oxy-haemoglobin/myoglobin ([O2Hb/Mb]) and deoxy-haemoglobin/myoglobin ([HHb/Mb]) concentrations were measured. The sum of [O2Hb] and [HHb] (i.e [THb]) and of [O2Hb/Mb] and [HHb/Mb] (i.e., [THb/Mb]) were calculated to obtain cerebral total haemoglobin and muscle total haemoglobin/myoglobin respectively which were used as indices of regional blood volume. To analyse cerebral and muscle oxygenation, we used the ‘‘oxygenation indices” [Hb]diff (i.e., [O2Hb] - [HHb]) and [Hb/Mb]diff (i.e [O2Hb/Mb] - [HHb/Mb]) respectively. These indices have been used for long (Grassi et al., 2003; MacDonald et al., 1999) and are more reliable and relevant than [O2Hb] or [HHb] when total haemoglobin is not constant (van Beekvelt et al., 2002). Positive and negative values of these indices represent the degree of oxygenation and deoxygenation, respectively. The change (Δ) in cerebral [THb] and [Hb]diff and in muscle [THb/Mb] and [Hb/Mb]diff were assessed from the resting values (seated position) recorded over the last minute preceding the start of the test. The measurements were therefore normalized from these recordings (arbitrarily defined as 0 µM). For all variables, data were averaged over 2 s and analysed in the last 2 s of each repetition and each recovery period. To assess muscle reoxygenation capacity, we calculated the difference in Δ[THb/Mb] (i.e., Reoxy [THb/Mb]) and in Δ[Hb/Mb]diff (i.e., Reoxy [Hb/Mb]diff) between the end of each recovery period and the end of the previous repetition (last 2 s for both) (Billaut and Buchheit, 2013).
2.6 Statistics
All data are expressed as mean ± SD and were first tested for distribution normality and variance homogeneity. The effect of condition (i.e., training intervention, RSH-VHL vs. RSN) and time (Pre-vs. Post-1 vs. Post-2) on the mean of the variables measured in the testing sessions were analysed using mixed two-way ANOVA for repeated-measures. We also used mixed two-way ANOVA for repeated measures to analyse the change in MPO, [image: image] and NIRS data throughout the RSA test (i.e., repetition by repetition) within each group (time x repetition number separately for RSH-VHL and RSN) and between groups (condition x repetition number for Pre-, Post-1 and Post-2 separately). When a significant main effect was found, irrespective of an interaction effect, the Bonferroni post hoc test was performed to localize the difference as recommended by Wei et al., 2012 and as applied in previous studies in the area of biology (Jobgen et al., 2009; Lassala et al., 2010; Tan et al., 2010) or dealing with the RSH-VHL method (Ait Ali Braham et al., 2024; Brocherie et al., 2022; Fornasier Santos et al., 2018). The comparisons between groups in the variables measured during training were made with Student T-tests. All analyses were performed with Sigmastat 4.0 software (Systat Software, CA, United States). Null hypothesis was rejected at p < 0.05.
3 RESULTS
3.1 Training
Training data are presented in Table 2. One participant in the RSH-VHL group and two participants in the RSN group missed one training session. All the remaining participants completed the 8 training sessions. There was no difference between groups in the total number of sprints over the 4-week training period (p = 0.76). The measurements made over two training sessions show that the mean power output per sprint was also not different between groups (p = 0.78). On the other hand, RPE was higher in RSH-VHL than in RSN (p < 0.01) whereas the mean minimal SpO2 per sprint (p < 0.01) and the mean nadir SpO2 per set (p < 0.01) were lower in the former than in the latter condition. In RSH-VHL, the mean time per sprint, which corresponded to the average time of the maximal EEBH, was lower than in RSN (p = 0.02).
TABLE 2 | Training data.
[image: Table 2]3.2 Testing
3.2.1 Performance
Data are presented in Table 3 and Figure 2.
TABLE 3 | Results of performance and perceptual-motor capacity in the RSA test before (Pre-), 5 days after (Post-1), and 12 days after (Post-2) the training period.
[image: Table 3][image: Figure 2]FIGURE 2 | Mean power output (MPO) expressed in watts (W, left panels) and in percentage of the reference MPO (MPOref, right panel) for each repetition of the repeated-sprint ability test before (Pre-), 5 days after (Post-1) and 12 days after (Post-2) the repeated-sprint training in hypoxia induced by voluntary hypoventilation at low lung volume (RSH-VHL, upper panels) and with unrestricted breathing (RSN, lower panels). T: ANOVA time effect (Pre-vs. Post-1 vs. Post-2); R: ANOVA repetition effect; I: ANOVA interaction effect. *, significant difference with the same sprint at Pre-; ‡, significant difference with the same sprint at Post-2; † significant difference with RSN for the same sprint at Post-1; p < 0.05.
There was no time (Pre-vs. Post-1 vs. Post-2) or condition effect for MPOref, MPOmax, MPOmean(1–4) and the absolute MPOmean(1–8) (Table 3). In RSH-VHL, MPOmean(5–8) (both relative and absolute, p < 0.01) and the relative MPOmean(1–8) (p = 0.01) were higher whereas Sdec was lower (p = 0.01) at Post-1 than at Pre- (time effect for the three parameters). These parameters were not different between Post-2 and Pre- (p = 0.14–0.91) and between Post-1 and Post-2 (p = 0.11–0.35). Furthermore, RPE of the RSA test in RSH-VHL was lower at Post-1 than at both Pre- and Post-2 (p < 0.01) and not different between Pre- and Post-2 (p = 0.44). In RSN, no change was observed for any parameter. The comparison between RSH-VHL and RSN shows that the absolute MPOmean(1–5) (p = 0.59–0.85), the relative MPOmean(1–8) (p = 0.1–0.54), and Sdec (p = 0.09–0.52) were not different between conditions whatever the testing session. On the other hand, the relative MPOmean(5–8) was higher (p = 0.04) and RPE was lower (p = 0.03) in RSH-VHL than in RSN at Post-1 and not different between conditions at Pre- (p = 0.92 and 0.46) and Post-2 (p = 0.28 and 0.42).
The repetition-by-repetition analysis throughout the RSA test shows that in RSH-VHL, the mean power output (both absolute and relative) was greater at Post-1 than at Pre-from the 6th to the 8th repetition and greater at Post-1 than at Post-2 in the 8th repetition (absolute values) and the 7th and 8th repetition (relative values) (Figure 2). No difference was observed in the RSN group.
3.2.2 Perceptual-motor capacity
There was no significant difference between groups in the number of hits in any of the four tests nor in the mean number of hits per test, whatever the testing session (Table 3). In both groups, the number of hits was not different between testing sessions in tests 1, 2 and 3 and was higher both at Post-1 and Post-2 than at Pre-in test 4.
3.2.3 Cardiorespiratory parameters
During the 25-s repetitions, the ANOVA shows a time effect for [image: image], HR and [image: image]/HR (Table 4). However, no difference was found in these parameters between testing sessions within groups. For all the other parameters ([image: image], PETO2, PETCO2 and SpO2) the ANOVA did not reveal any significant effect.
TABLE 4 | Mean cardio-respiratory parameters before (Pre-), 5 days after (Post-1), and 12 days after (Post-2) the training period.
[image: Table 4]During the 25-s recovery periods, HR was lower and [image: image]/HR higher at Post-1 than at Pre-in RSH-VHL (both p = 0.04) but not different between Post-1 and Post-2 (p = 0.92 and 0.90) and between Pre- and Post-2 (p = 0.17 and 0.15). There was no change in these parameters between testing sessions in RSN. For all the other parameters, there was no time, condition or interaction effect.
The repetition-by-repetition analysis for [image: image] did not reveal any significant difference between testing sessions both in RSH-VHL and in RSN (Figure 3).
[image: Figure 3]FIGURE 3 | Oxygen uptake ([image: image]) measured in each of the 25-s repetitions (upper panels) and recovery periods (lower panels) of the repeated-sprint ability test before (Pre-), 5 days after (Post-1) and 12 days after (Post-2) the repeated-sprint training with voluntary hypoventilation at low lung volume (RSH-VHL, left panels) and with unrestricted breathing (RSN, right panels). T: ANOVA time effect (Pre-vs. Post-1 vs. Post-2); R: ANOVA repetition effect; I: ANOVA interaction effect. Standard deviation is not included for more clarity.
3.2.4 Near-infrared spectroscopy
At the cerebral level, there was no time, condition or interaction effect for the mean Δ[THb] and Δ[Hb]diff at the end of the 25-s repetitions nor for the mean Δ[Hb]diff at the end of the recovery periods (Table 5). On the other hand, in RSH-VHL, the mean end-recovery Δ[THb] was lower at Post-1 than at both Pre- and Post-2 (p < 0.01) whereas there was no change in the RSN group. The repetition-by-repetition analysis shows that in RSH-VHL, the end-recovery Δ[THb] was lower at Post-1 than at Pre- and Post-2 from the 3rd to the 8th repetition (Figure 4). With regard to the end-recovery Δ[Hb]diff and the end-repetition Δ[THb] and Δ[Hb]diff, no time or interaction effect was found in either group.
TABLE 5 | Mean NIRS values before (Pre-), 5 days after (Post-1), and 12 days after (Post-2) the training period.
[image: Table 5][image: Figure 4]FIGURE 4 | Changes in the mean cerebral total haemoglobin concentration (Δ[THb]) and cerebral oxygenation (Δ[Hb]Diff) at the end of each repetition (upper four panels) and recovery period (lower four panels) of the repeated-sprint ability test before (Pre-), 5 days after (Post-1) and 12 days after (Post-2) the repeated-sprint training with voluntary hypoventilation at low lung volume (RSH-VHL, left panels) and with unrestricted breathing (RSN, right panels). T: ANOVA time effect (Pre-vs. Post-1 vs. Post-2); R: ANOVA repetition effect; I: ANOVA interaction effect. *, significant difference with the same sprint at Pre; ‡, significant difference with the same sprint at Post-2; p < 0.05. Standard deviation is not included for more clarity.
At the muscle level, despite a time effect for the mean Δ[Hb/Mb]Diff both at the end of the repetitions and recovery periods, the post-hoc analysis did not reveal any significant difference between testing sessions within groups (RSH-VHL: p = 0.09–0.95; RSN: p = 0.08–0.97). The ANOVA did not show any significant effect for the mean end-repetition Δ[THb/Mb] as well as for the mean Reoxy [THb/Mb] and Reoxy [Hb/Mb]Diff. On the other hand, in RSH-VHL, the mean Δ[THb/Mb] at the end of the recovery periods was higher at Post-1 than at both Pre- and Post-2 (p < 0.01) whereas no change was found in the RSN group (p = 0.75–0.98). The repetition-by-repetition analysis shows that in RSH-VHL, the end-recovery Δ[THb/Mb] was higher at Post-1 than at Pre- and Post-2 from the 5th to the 8th repetition (Figure 5). With regard to the end-recovery Δ[Hb/Mb]diff and the end-repetition Δ[THb/Mb] and Δ[Hb/Mb]diff, no time or interaction effect was found in both groups or if so (time effect for end-repetition Δ[Hb/Mb]diff in RSN only), no difference was found between testing sessions whatever the repetition number (Figure 5).
[image: Figure 5]FIGURE 5 | Changes in the mean muscle total haemoglobin/myoglobin concentration (Δ[THb/Mb] and muscle oxygenation (Δ[Hb/Mb]Diff at the end of each repetition (upper four panels) and recovery period (lower four panels) of the repeated-sprint ability test before (Pre-), 5 days after (Post-1) and 12 days after (Post-2) the repeated-sprint training with voluntary hypoventilation at low lung volume (RSH-VHL, left panels) and with unrestricted breathing (RSN, right panels). T: ANOVA time effect (Pre vs. Post-1 vs. Post-2); R: ANOVA repetition effect; I: ANOVA interaction effect. *, significant difference with the same sprint at Pre-; ‡, significant difference with the same sprint at Post-2; p < 0.05. Standard deviation is not included for more clarity.
4 DISCUSSION
This study is the first to investigate the effects of a repeated-sprint training in hypoxia induced by voluntary hypoventilation at low lung volume including end-expiratory breath holding of maximal duration. The results show that elite judo athletes who followed this training regimen for 4 weeks significantly improved their ability to repeat “all-out” efforts (lower fatigue, greater performance in the second part of the test) unlike the judokas who performed the same training with unrestricted breathing. Along with the improved RSA, we report for the first time an increase in muscle blood volume and a concomitant decrease in cerebral blood volume during the recovery periods of a repeated-sprint exercise after the RSH-VHL intervention.
4.1 Performance
Previous studies have shown the interest of performing a high-intensity VHL training to improve RSA in athletes of different sporting disciplines. After 2 weeks (6 sessions), 4 weeks (7 sessions) and 6 weeks (12 sessions) of RSH-VHL, the maximum number of sprints until exhaustion (open-loop RSA test design) was significantly increased in highly-trained swimmers (+35%), male rugby players (+64%) and female soccer players (+17%), respectively (Ait Ali Braham et al., 2024; Fornasier Santos et al., 2018; Trincat et al., 2017). In a closed-loop testing design (i.e., with a fixed number of sprints), the mean power output and the mean velocity were increased by 8% and 4% in cyclists and ice hockey players after 3 and 5 weeks of RSH-VHL, respectively (Brocherie et al., 2022; Woorons et al., 2019a). In these latter studies, the performance improvement was accompanied by a 4% reduction in fatigue over the RSA test. Lower fatigue during a RSA test has also been reported in basketball players and soccer players who performed four to 6 weeks (8–12 sessions) of RSH-VHL (Ait Ali Braham et al., 2024; Lapointe et al., 2020). Remarkably, in all these studies, the greater increase in performance was observed only or mainly in the second part of the test. In the present study, the 3.5% reduction in fatigue and the higher power output in the last three repetitions of the RSA test at Post-1 in the RSH-VHL group confirms the aforementioned findings. However, although the use of maximal EEBH induced a much stronger hypoxic stimulus than previously reported, the RSA improvement does not appear to be of greater magnitude. Yet it is important to note that the participants of the present study, unlike the previous ones, were elite athletes who generally have less room for performance improvement. Furthermore, this study shows, for the first time, a superiority of the RSH-VHL intervention over the RSN one to increase performance in the second half of a RSA test. Therefore, our results demonstrate that performance can also be enhanced in high-level athletes when using the latest approach of the VHL method.
4.2 Muscle near-infrared spectroscopy
The increase in muscle Δ[THb/Mb] during the recovery periods of the RSA test after RSH-VHL represents a new and important finding. These changes, which reveal greater muscle blood volume, were observed from the 5th to the 8th sprint at Post-1 (Figure 5) and were therefore concomitant with the improvement in performance (Figure 2). In previous studies, no change in muscle Δ[THb/Mb] was reported after 3–4 weeks of RSH-VHL (Lapointe et al., 2020; Woorons et al., 2019a). The main reason is probably that in these studies, unlike the present one, the EEBH were not maximal which did not induce a comparable fall in SpO2 (mean values: 87.7% vs. 78.7%) and therefore a similar hypoxic stimulus. In a recent (acute) study, it was shown that the repetition of supramaximal running exercises with EEBH up to the breaking point could decrease SpO2 down to ∼75% and induce a large and early increase in muscle blood volume as compared to the same exercise with unrestricted breathing (Woorons et al., 2023). Conversely, the repetition of sprints with non-maximal EEBH (i.e., 6-s duration) did not yield any change in muscle Δ[THb/Mb] (Woorons et al., 2017; Woorons et al., 2019b). As suggested (Woorons et al., 2023), the strong hypoxic effect induced by the maximal EEBH may (acutely) provoke a compensatory vasodilation, possibly mediated by the release in nitric oxide (Casey et al., 2010; Wilkins et al., 2008), to preserve muscle O2 delivery. The hypoxia-induced muscle vasodilation in this high-intensity exercise condition is probably reinforced by the strong hypercapnic effect through a large increase in hydrogen ions (H+). In the present study, we suggest that the repetition of this phenomenon over the 4-week training period may have induced physiological adaptations leading to improved muscle perfusion observed during the RSA test. Among the factors possibly involved in this physiological change, greater capillary-to-fiber ratio, fiber cross-sectional area, and/or myoglobin content seem to be the best candidates.
An enhanced muscle perfusion during the recovery periods of a repeated-sprint exercise provides greater oxygen availability which is paramount for improving RSA (Girard et al., 2011). Indeed, it may increase the resynthesis of phosphocreatine, which is an important energy component in repeated sprints, as well as the removal of waste metabolites (e.g., inorganic phosphate, H+). This may explain, at least in part, the RSA improvement in the RSH-VHL group at Post-1. The fact that the increase in muscle Δ[THb/Mb] occurred from the second half of the RSA test may be due to the presence of numerous vasodilator metabolites, in particular H+ since high-intensity VHL training has been shown to increase the anaerobic glycolysis activity (Trincat et al., 2017; Woorons et al., 2016; Woorons et al., 2019a). In the same time, the elimination of these waste metabolites via the oxygen pathway probably became determinant at this point of the test for maintaining a high level of performance. Thus, the greater muscle perfusion in the recovery period following the 5th sprint of the RSA test should have had a positive impact on performance of the 6th sprint, and so on until the 8th sprint.
It is remarkable that, in the previous RSH-VHL studies, RSA performance was increased without any change in muscle Δ[THb/Mb]. However, in these studies, higher oxygen uptake (Woorons et al., 2019a) or greater muscle reoxygenation (Lapointe et al., 2020) were reported during the recovery periods of the RSA test. Such physiological changes were not observed in the present study, nor was there any improvement in muscle oxygen utilization (i.e., unchanged Δ[Hb/Mb]Diff despite a tendency to a decrease in both groups), contrary to our hypothesis. Therefore, based on the present and previous findings, we can suggest that the physiological adaptations induced by RSH-VHL may be of a different nature depending on the degree of hypoxia (and probably hypercapnia) induced by EEBH and, possibly, on the mode of exercise and the muscle mass involved.
4.3 Cerebral near-infrared spectroscopy
The decrease in cerebral Δ[THb] that also occurred in the recovery periods of the RSA test at Post-1 in the RSH-VHL group represents another interesting and original finding. This result, which indicates lower regional cerebral blood volume and which was accompanied by an unchanged cerebral Δ[Hb]diff, is surprising and contradicts our hypothesis. In their acute study, Woorons et al. (2023) showed that the use of maximal EEBH during supramaximal exercise induced a dramatic increase in cerebral Δ[THb] and a (fairly moderate) decrease in cerebral Δ[Hb]diff. Like what happened at the muscle level, one could have expected that the repetition of such an exercise condition over several weeks of training would have induced physiological adaptations leading to improved cerebral oxygenation. The fact that it was not so weakens the possibility that the RSA gains after RSH-VHL could be due, in part, to lower central fatigue (Woorons, 2014). The decrease in cerebral Δ[THb] after RSH-VHL may, however, not represent a deterioration in the brain’s oxygenation capacity. Indeed, to cope with the high muscle perfusion during the recovery periods of the RSA test without any increase in [image: image], and probably in cardiac output, we postulate that a blood volume redistribution may have occurred after the RSH-VHL intervention. If so, other organs than the brain may have been involved. With this regard, considering that the NIRS data do not distinguish between arterial, capillary and venous blood, it may be possible that the cerebral Δ[THb] measures may have been affected by blood flow in extracerebral and superficial tissues, even though the NIRS measurements have been shown to be minimally affected by skin blood flow (Mancini et al., 1994). In any case, it is highly unlikely that the lower cerebral Δ[THb] was due to a cerebral vasoconstriction resulting from hyperventilation-induced hypocapnia given that both [image: image] and PETCO2 remained unchanged after RSH-VHL. It is also unlikely that cerebral blood flow was negatively affected by the reduced cerebral Δ[THb] due to the brain autoregulation to maintain its adequate perfusion (Ogoh and Ainslie, 2009).
4.4 Oxygen uptake and heart rate
The hypothesis of a blood volume redistribution in response to the increased muscle perfusion during the recovery periods of the RSA test after RSH-VHL would be reinforced if [image: image] and cardiac output were at their maximum (Joyner and Casey, 2015). Yet, the [image: image] values were surprisingly low, suggesting that there was room for an increase in cardiac output to insure adequate perfusion of all organs. However, the aerobic power of elite judo athletes has been shown to be quite low and not different from that of non-elite judokas (Franchini et al., 2011). Typical maximal [image: image] of 50–55 mL kg−1 min−1 and 40–45 mL kg−1 min−1 have been reported for male and female judo athletes, respectively, which is close to what is generally found in recreational active subjects. Besides, the [image: image] values of the present study are in line with what has been reported during 20-s repeated rowing sprints in recreational active male and female subjects (Clausen and Astorino, 2024). Although the RSH-VHL intervention did not increase [image: image], it induced lower HR and higher [image: image]/HR in the recovery periods of the RSA test at Post-1. This outcome confirms the greater [image: image]/HR reported after 3 weeks of RSH-VHL in cycling (Woorons et al., 2019a). It supports the assumption that this kind of training could increase stroke volume when it includes EEBH of maximal duration (Woorons et al., 2021a), even though the use of [image: image]/HR as indicator of stroke volume during repeated-sprint exercise can be questioned.
4.5 Perceptual motor capacity
Another original aim of this study was to assess the effects of RSH-VHL on perceptual-motor capacity. The fact that cerebral oxygenation was not improved after this training intervention may explain why performance in the perceptual-motor tests was mainly not augmented or if so (4th test after the last sprint of the RSA test), not to a greater extent than in the RSN group. The role of an adequate cerebral oxygenation on cognitive performance has been previously demonstrated (Dupuy et al., 2015). Furthermore, it has been shown that the reaction time in executive cognitive tests close to those used in this study was significantly related to prefrontal cerebral oxygenation (Mekari et al., 2015). The better performance observed in both groups during the 4th perceptual-motor test at Post-1 and Post-2 may be due to a learning effect, the influence of which could have been more pronounced when fatigue was at its peak. Although RSH-VHL does not appear to ameliorate perceptual-motor ability, further studies using other types of perceptual-motor tests are needed before drawing any conclusions. As for the perceived response to exercise, it is noteworthy that RPE of the RSA test decreased at Post-1 in the RSH-VHL group and was lower than in RSN. Lower RPE in a closed-loop RSA test has already been reported after RSH-VHL (Lapointe et al., 2020). We postulate that the enhanced recovery induced by higher muscle perfusion in the present study, or greater muscle reoxygenation in the previous one (Lapointe et al., 2020), delayed fatigue so that subjects were not completely exhausted at the end of these specific closed-loop tests. In this case, they would probably have been capable of performing one or a few more sprints before reaching the same RPE as in the Pre-test.
4.6 Practical applications
The results of the present study may have interesting practical applications not only for judo athletes or, more generally, for combat sports but also for athletes engaged in other intermittent sporting disciplines (e.g., team sports, racket sports, cycling). They show that performing a period of RSH-VHL including maximal EEBH can optimize the recovery periods during repeated high-intensity efforts and, consequently, allow to maintain a high level of performance, in particular in the second part of a match or combat when fatigue is more pronounced. In this study, the physiological adaptations and the increase in performance were observed 5 days after the last training session but were no longer visible 12 days after. This provides indications for the periodization of RSH-VHL before a competition. However, the results obtained in Post-2 must be interpreted with caution. Indeed, the rowing exercises were used by the participants exclusively for the purpose of this study and were stopped after the last training session. Therefore, a detraining effect probably occurred after a certain period of time, which may not have been the case in athletes using their usual mode of exercise. Furthermore, in the context of physical preparation, we suggest to maintain one weekly session of RSH-VHL after performing a period of such training so that the physiological benefits could possibly be maintained over several weeks.
4.7 Limitations
A first limitation of this study is the lack of blood measurements during the RSA tests. Taking blood samples, in particular in the second part of the test, would have been useful especially for analysing pH and lactate concentration. This would have allowed to test the hypothesis of greater H+ elimination, and more generally of waste metabolites, during the recovery periods of the RSA test after RSH-VHL. Blood measurements would have also enabled to determine the concentration of potassium ions which was found to be lower and linked to improved performance after 4 weeks of RSH-VHL in basketball players (Lapointe et al., 2020). Another limitation is that cerebral and muscle blood flow were not measured either. A possible decrease or maintenance in the former and increase in the latter at Post-1 of the RSH-VHL intervention could therefore not be ascertained. However, the techniques used for these measures are somewhat difficult to implement during repeated-sprint exercises. On the other hand, the use of the NIRS technique was probably relevant since it allows continuous recording and provides data that have quite similar time course as cerebral blood flow when measured by transcranial doppler (Hirth et al., 1997). Yet, it is important to remind that the change in [O2Hb] and [HHb] are somewhat affected by blood flow through extracerebral and superficial tissues. In addition, one limitation regarding the use of the NIRS technique is that we did not measure the tissue oxygenation index, which provides absolute values (expressed in %) and probes oxygenation in deeper tissues when combined with spatially resolved spectroscopy. Finally, like in all studies using breath control, participants could not be blinded to the RSH-VHL intervention. Consequently, the RSA gains might be attributed, at least in part, to a placebo effect. However, the acute and chronic effects of the VHL approach have now been well investigated and the RSA improvement reported in the present study may be explained mainly by physiological rather than psychological factors. In addition, the role of a placebo effect to explain the RSA improvement after high-intensity VHL training has been recently challenged (Woorons et al., 2020).
5 CONCLUSION
Four weeks of RSH-VHL including EEBH of maximal duration improved the ability of elite judo athletes to repeat high-intensity efforts. Our findings suggest that this improvement was made possible through an enhanced muscle perfusion and consequently higher oxygen supply during the recovery periods of the RSA test. In the same time, [image: image] remained unchanged whereas regional cerebral blood volume decreased. These outcomes tend to show that a blood volume redistribution occurred after RSH-VHL to meet the large increase in muscle perfusion. The latest approach of the VHL method may be of interest for a large number of athletes involved in different intermittent sports to improve their performance.
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