Exercise with end-expiratory breath holding induces large increase in stroke volume
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ABSTRACT
[bookmark: _Hlk38037710]Eight well-trained male cyclists participated in two testing sessions each including two sets of 10 cycle exercise bouts at 150% of maximal aerobic power. In the first session, subjects performed the exercise bouts with end-expiratory breath holding of maximal duration. Each exercise bout started at the onset of the breath holding and ended at its release (mean duration: 9.6±0.9 s; range: 8.6-11.1 s). At the second testing session, subjects performed the exercise bouts (same duration as in the first session) with normal breathing. Heart rate, left ventricular stroke volume and cardiac output were continuously measured through bio-impedancemetry. Data were analysed for the 4 s preceding and following the end of each exercise bout. Left ventricular stroke volume (peak values: 163±33 vs 124±17 mL, p<0.01) was higher and heart rate lower both in the end phase and in the early recovery of the exercise bouts with end-expiratory breath holding as compared with exercise with normal breathing. Cardiac output was generally not different between exercise conditions. This study showed that performing maximal end-expiratory breath holding during high-intensity exercise led to a large increase in left ventricular stroke volume. This phenomenon is likely explained by greater left ventricular filling as a result of an augmented filling time and decreased right ventricular volume at peak end-expiratory breath holding.
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INTRODUCTION
Training with voluntary hypoventilation at low lung volume (VHL) is a method which consists in repeating short bouts of end-expiratory breath holding (EEBH) while exercising [1]. When applied to different exercise modes, this approach acutely provokes an increase in carbon dioxide partial pressures and a decrease in arterial oxygen (O2) partial pressures [2, 3, 4] leading to blood and muscle deoxygenation [5, 6, 7]. 
In addition or subsequently to the hypercapnic and hypoxic effects, VHL exercise has been shown to provoke changes at the heart level [4]. In particular, increases in stroke volume (SV) have been reported in the recovery periods following exercise with VHL [4, 6, 8]. This phenomenon would be the consequence of the large and brief inspirations that occur just after the cessation of EEBH and that create a “pump effect” i.e., large venous return to the heart [4]. It has long been established that the negative intrathoracic pressure generated during inspiration enhances venous return and increases cardiac preload, SV and cardiac output () [9]. This phenomenon should be exacerbated after an exercise bout with EEBH.
The increase in SV that follows EEBH during VHL exercise is of importance since it may lead to specific physiological adaptations after a period of training with VHL. Woorons et al [10] recently found that three weeks of repeated-sprint training with VHL led to an increase in oxygen uptake () associated to an improved repeated-sprint ability. In the absence of better O2 utilization at the muscle tissue level, and based on an enhanced O2 pulse, the higher was attributed to a greater SV. The authors suggested that because of its “pump effect”, VHL exercise could induce adaptations at the heart level when regularly repeated during training.
So far however, the SV data reported by the previous (acute) VHL studies have been flawed. First, some of these studies used the O2 pulse as an index of SV [6, 8]. This could be misleading because O2 pulse is reliable to estimate SV especially in conditions of steady-state [11], which is not the case during VHL exercise. Second, whether the high values measured in the expired air after the release of EEBH reflects the true body  [6, 8] can be questioned. Third, in the only study that estimated SV during VHL exercise using impedance cardiography [4], exercise intensity was rather low and the duration of the EEBHs was only 4 s. This may have attenuated the “pump effect”. Finally, and importantly, the cardiac values were averaged over 10 to 15 s in the previous studies. Such duration is probably too long considering that the largest physiological changes occur in the few seconds following the resumption of breathing. Therefore, previous analyses may have overwritten peak values of SV and may not fully reflect the scale of the phenomenon.
In the present study, the main objective was to evaluate the acute haemodynamic changes, in particular SV, that occur in the few seconds preceding and following repeated EEBHs of maximum duration during a high-intensity cycle exercise. Due to the high levels of intrathoracic pressures and their negative consequences on venous return, we hypothesized that SV and  would be lower during exercise with EEBH as compared to the same exercise performed with normal breathing. On the other hand, for the opposite reasons, we expected an overshoot of SV and just after the release of EEBH.









METHODS
Subjects
[bookmark: _Hlk489480834][bookmark: _Hlk491301817][bookmark: _Hlk37374014]Eight well-trained male cyclists, non-smokers and sea-level residents, volunteered to participate in this study. None of them reported to have been exposed to altitude (i.e. > 500 m above sea level) or to have performed hypoventilation training within the three months preceding the study. At the time of the experiment, the subjects trained 3 to 4 times a week and were involved in competitions at regional level. Their physical characteristics (mean ± SD) were age 36.4 ± 10 years, height 176.0 ± 6.1 cm and body mass 72.7 ± 7 kg. Subjects were instructed not to participate in any strenuous exercise within the 24h preceding each testing session. They were also instructed to be adequately hydrated and to not have eaten for three hours prior to each test. 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 and complied with the Declaration of Helsinki (2008). Furthermore, the present study meets the ethical standards of the International Journal of Sports Medicine [12].

Study design
[bookmark: _Hlk38036555][bookmark: _Hlk38036639][bookmark: _Hlk38037839][bookmark: _Hlk38036689]The protocol consisted of three cycle testing sessions carried out on a magnetically- and air-braked cycle ergometer (WattBike Pro, WattBike, United Kingdom). This cycle ergometer has been found to be an accurate and reliable tool for training and performance assessments [13]. Before each use, the ergometer was mechanically calibrated using the principles dynamic calibration rig (Australian Institute of Sport, Belconnen ACT, Australia). Participants used their own cycling shoes and the Wattbike was set to replicate the dimensions of each participant’s own bicycle as closely as possible. In the first testing session, after a 10-min warm-up at progressive intensity, the subjects performed a four-minute all-out test, which provides a good indication of the maximal aerobic power [14]. During this test, the subjects were required to sustain the highest power output over the 4-min period but they were free to manage their effort and their pedal frequency. Subjects were strongly encouraged in the last part of the test to reach the best performance. The second session took place five to six days later and started with a 10-min warm-up at low to moderate intensity. The subjects were then asked to complete two sets (S1 and S2) of 10 exercise bouts with VHL at 150 % of the mean power output reached in the 4-min trial (MAP4min). It has been previously found that during a repeated-sprint exercise with VHL, physiological differences, as compared with the same exercise with normal breathing, appear only in the second set of exercise [6]. The VHL approach has been used and well described previously [6, 8]. Briefly, it consists, while exercising, to perform a first exhalation down to the functional residual capacity, then to hold one’s breath for a few seconds (i.e, EEBH) and finally to perform a second exhalation down to the residual volume in order to evacuate the carbon dioxide accumulated in the lungs. However, for the first time in the present study, the subjects were told to maintain the EEBHs for as long as possible. To do so, they were required to close their glottis when they entered the “struggling phase”, that is when they began to feel a strong urge to breathe. Each exercise bout started at the onset of EEBH (i.e., just after the first exhalation) and ended with its release (i.e., after the second exhalation). The time of each bout with EEBH was manually measured at 0.1 s. The exercise bouts were followed by an active recovery period (about 30% of MAP4min) which was twice the duration of the previous exercise bout (work-to-rest ratio 1:2). For instance, if one subject cycled with EEBH for 13 s at the first bout, the following recovery period was 26 s. If EEBH was maintained for 10 s at the second bout, the subject then observed a recovery period of 20 s. A verbal countdown was given in the last 5 s before the start of each bout and the subjects were strongly encouraged to push the breaking point of EEBH as far as possible. Both sets were separated by 5 minutes of recovery at low intensity and with normal breathing. In the third testing session (48-72h later), the same conditions as in the second session were rigorously replicated except that the subjects performed the exercise bouts with normal breathing (NB). Figure 1 presents the description of one exercise bout performed with EEBH versus NB and the following period of recovery.
[bookmark: _Hlk38037966]All of the subjects had already participated in our previous study (10) and were therefore familiarized with the Wattbike ergometer. They were also familiarized with the VHL technique and the urge to breathe while exercising. However, one familiarization session was implemented within the 5 days separating the first and second testing session to make the subjects accustomed to pedalling at 150% of MAP4min and to review the VHL technique.

Measurements
Haemodynamic variables
Heart rate (HR) was measured continuously using electrocardiography whereas left ventricular SV (LVSV) and end-diastolic volume (LVEDV) were estimated through bio-impedancemetry (PhysioFlow PF-05, Manatec biomedical, Paris, France). The PhysioFlow concept and methodology have been validated at rest and at exercise [15] and during a maximal progressive exercise [16, 17]. The bioimpedance method has also been used in a previous VHL study [4]. Briefly, this method uses transthoracic impedance changes (dZ) in response to an electrical current administered during cardiac ejection to calculate LV SV. Two sets of electrodes were applied above the supraclavicular fossa (left side) and along the xiphoid process of each subject. Another pair of electrodes was used to measure a single electrocardiogram signal. Before placing the electrodes, the skin was shaved and a mildly abrasive gel (NuPrep) was applied to improve the quality of the signal. The threads of the electrodes were fixed with an adhesive band in order to prevent any movements. The subjects were required to take their sitting position on the ergocycle and to remain quiet and silent for three minutes. The calibration process was then performed over 30 heart beats ensuring that the signal was of high quality. During the calibration process, blood pressure was measured with an automatic blood pressure monitor. Systolic and diastolic blood pressures were entered in the software to obtain the calibration results. Calibration was performed again if the values on the screen appeared wrong or aberrant (displayed in red by the software). A new calibration procedure was performed at rest before each test. Both signal quality and stability were carefully checked during the three testing sessions. In order to maintain the quality of the signal as high as possible, the subjects were required, as far as they could, to keep a fix position while pedalling. All variables were recorded beat by beat using the Physioflow software (software version PF-1.05) and data were averaged every 1 s. Considering that during VHL exercise the main physiological changes at the heart level occur in the few seconds preceding and following the release of EEBH, the analyses were made over the 4 s preceding and following the release of EEBH. For accurate data analyses, a marker was added at the end of each exercise bout to precisely detect the release of EEBH. Since the bioimpedance method is based on the transmission and the detection of a high-frequency alternating electrical current, the time delay in the signal output can be considered negligible [15]. 

Arterial oxygen saturation 
[bookmark: _Hlk491343088]Arterial oxygen saturation (SpO2) was continuously measured during S1 and S2 with the pulse oximeter Nellcor N-595 (Pleasanton, CA, USA) and with the adhesive forehead sensor Max-Fast (Nellcor, Pleasanton) which was applied above the right orbital area. This sensor has already been used during intense cycle exercise in hypoxia [18] and during repeated-sprint exercise with VHL [6, 8, 19]. An adjustable headband was placed over the forehead sensor to ensure gentle, consistent pressure on the sensor device. SpO2 was recorded at a frequency 0.5 hz by the oximeter and collected using a data acquisition system (Score Analysis Software, Nellcor, Pleasanton). Data were then averaged and analyzed over 4 s. Since during short bouts of high-intensity exercises with VHL the largest drop of SpO2 is recorded within the 10 s of the recovery period [6, 8], the results are presented for the 4-s periods in which the minimum values of SpO2 were reached.  


Gas exchange
Gas exchange was recorded continuously throughout exercise with a breath-by-breath portable system (K4b2, Cosmed, Rome, Italy). Before the beginning of exercise, the standardized calibration procedures were performed as recommended by the manufacturer. These included air calibration, turbine calibration with a standard 3000-mL syringe, gas calibration with a certified commercial gas preparation (oxygen: 16%, carbon dioxide: 5%) and delay calibration to ensure accurate readings during the testing and to check the alignment between the gas flow and gas concentrations. The breath-by-breath measurements were performed for tidal volume, expired ventilation and . Since gas exchange cannot be measured while holding one’s breath, and since the largest physiological changes occur in the few seconds following the resumption of breathing, data were analysed in the first 4 s after the release of EEBH.
Rating of perceived exertion and blood lactate concentration
The rating of perceived exertion (RPE) was assessed at the end of the 4-min all-out trial and just after the second set of the trials at 150% of MAP4min using the Borg scale (range 0-10). A blood sample was taken from the earlobe of the subjects at the fourth minute after the end of the 4-min all-out trial and at the third minute following the end of the second set to obtain blood lactate concentration ([La]) (Lactate Pro, Arkray, Japan). 

Statistics
All results are expressed as mean ± SD. After testing data for distribution normality and variance homogeneity, we performed two-way analyses of variance (ANOVA) for repeated measures to determine whether there was a difference in SpO2 and in haemodynamic variables (HR, LVSV,  and LVEDV) between exercise conditions for each sprint and within each set. Two-way ANOVA for repeated measures were also performed to compare the mean values (performance, gas exchange, haemodynamic variables, SpO2) between conditions. When a significant effect was found, the Bonferroni post-hoc test was carried out to localize the differences [20]. We used paired Student T-tests to assess the differences in RPE, [La] and peak LV SV between conditions. The difference (Δ) between VHL and NB was calculated for the mean SpO2, HR, LVSV and LVEDV to analyse the following relationships (Pearson linear regressions): ΔSpO2/ΔHR, ΔHR/ΔLVEDV and ΔLVEDV/ΔLVSV. All analyses were made using Sigmastat 4.0 software (Systat Software, CA, USA). Null hypothesis was rejected at p < 0.05.




















RESULTS
[bookmark: _Hlk38038014]The results of the 4-min all-out trial are displayed in Table 1. The duration of each exercise bout with EEBH is displayed in Figure 2A. All of the subjects could complete the 20 exercise bouts with EEBH. However, one subject had difficulties to maintain a prolonged EEBH at the 5th repetition of S1 and the 8th repetition of S2 and had therefore to release the breath holding after only 5 s. On average, EEBH was maintained for 9.5 ± 0.7 s in S1 and 9.7 ± 1.1 s in S2.
Haemodynamic variables
Left ventricular SV and LVEDV were higher and HR was lower in VHL than in NB in the end phase of the high-intensity exercise bouts and in the early phase of the recovery periods both in S1 and S2 (Figure 3 & 4). Cardiac output was higher in VHL than in NB in the last seconds of the exercise bouts in S2 only and was not different between conditions in the early phase of the recovery periods of both sets. During VHL, mean LVSV was greater in the end phase of the exercise bouts than in the first four seconds of the recovery periods both in S1 and S2 (p < 0.01). There was a significant correlation between ΔLVEDV and ΔLVSV for the entire exercise (R = 0.97, p < 0.01) whereas no relationship was found between ΔLVEDV and ΔHR (R = - 0.11, p = 0.79). Peak values of LVSV reached during exercise with VHL were higher than those recorded both in NB and in the 4-min all-out trial (p < 0.01) (Figure 5). On the other hand, peak LVSV was not different between the latter conditions (p = 0.11). Figure 6 displays the representative data of LVSV during high-intensity exercise with NB and VHL.
Arterial oxygen saturation
SpO2 at the end of each exercise bout (Figure 2B) and mean SpO2 over the ten bouts (S1: 86.2 ± 6.4 vs 96.5 ± 1.5%; S2: 85.0 ± 5.1 vs 96.4 ± 1.4%; p < 0.01) were significantly lower in VHL than in NB both in S1 and S2. The mean nadir SpO2 (S1: 79.9 ± 8.6 vs 96.0 ± 1.7%; S2: 78.3 ± 7.9 vs 95.1 ± 1.9%; p < 0.01) and the average SpO2 over an entire set (including the recovery periods between exercise bouts) (S1: 93.0 ± 3.4 vs 96.9 ± 1.2%; S2: 92.6 ± 4.1 vs 96.8 ± 1.4%; p < 0.01) were also significantly lower in VHL than in NB. We did not find any relationship between ΔSpO2  and ΔHR (R = 0.04, p = 0.88).
Gas exchange
The mean and peak values of tidal volume, expired ventilation and recorded in the four seconds following each exercise bout were significantly greater in VHL than in NB (Table 2).
Rating of perceived exertion and blood lactate concentration
RPE at the end of the high-intensity exercise was higher in VHL than in NB (16.7 ± 1.6 vs 14.1 ± 0.6; p < 0.01) whereas [La] was not different between exercise conditions (5.7 ± 2.2 vs 5.8 ± 2.6 mmol.L-1).
















DISCUSSION
This study was the first to investigate the effects of high-intensity exercise with VHL including EEBHs of maximal duration. The main result is that VHL exercise elicited large increases in LVSV compared with the same exercise with normal breathing. This phenomenon occurred mainly in the last seconds of EEBH and, to a lower extent, in the seconds following its release. Another finding is that VHL exercise led to a decrease in HR and a higher LVEDV, whereaswas greater in the end phase of EEBH and not different from the NB conditions at the resumption of breathing.
Until now, in the studies that investigated the acute effects of VHL exercise, EEBH had been performed over a fixed duration (i.e., 4 to 6 s) [3, 5, 6], a fixed distance [8] or until the subjects felt a strong urge to breathe [21]. In the present study, the participants were required for the first time to perform each exercise bout while maintaining EEBH for as long as possible, that is until the breaking point. An important physiological impact to this approach was that SpO2 dropped more rapidly and to a lower level than what was reported in the above-mentioned studies. The subjects underwent severe hypoxaemia (SpO2 < 88%) as early as the second exercise bout (Figure 2b) and the mean SpO2 at the end of each bout was as low as 85%. Furthermore, the mean nadir SpO2 reached in both sets of high-intensity exercise with EEBH was about 79%. This level of SpO2 is the lowest ever reported in a VHL study. Although the overall hypoxic dose (i.e., including the recovery periods with normal breathing) during VHL exercise remained low, it was higher than what has been previously reported.
The higher levels of LVSV in VHL (Figure 3 & 4) represent another important physiological consequence of high-intensity exercise with maximal EEBHs. While the presence of this phenomenon at the resumption of breathing validates our hypothesis and confirms the previous outcomes [4, 6, 8], its occurrence in the last seconds of EEBH contradicts our assumption. The fact that LVSV was greater during the end phase of EEBH than just after its release was also unexpected. Although not assessed in this study, right ventricular filling, and consequently right ventricular stroke volume were probably markedly augmented at the resumption of breathing due to the drop in intrathoracic pressure during the large and brief inspirations. The increase in right ventricular stroke volume at peak inspiration is a well-known phenomenon [9] which is likely exacerbated by the VHL intervention. However, based on the present outcomes, the impact on both LVEDV and LVSV was limited. Due to the diastolic ventricular interdependence [22], it is possible that the increase in right ventricular filling during inspiration adversely and transiently affected left ventricular compliance. On the other hand, it is quite remarkable that in the late phase of EEBH, the peak levels of LVSV were above the maximum levels reached during the 4-min all-out trial, and 30% above those recorded during the same exercise with NB.
[bookmark: _Hlk21545878][bookmark: _Hlk38038215]The overshoot of LVSV during the exercise bouts with EEBH seems to involve different and complex mechanisms. During the exhalation process, intrathoracic pressures are higher due to the rise of the diaphragm to the chest. Consequently, the venous return to the heart is impaired and right ventricular filling reduced. Because of the ventricular interaction, which has been recently validated through complex modelling [26], the decrease in right ventricular filling may result in a greater left ventricular filling. In a study using real-time cardiac magnetic resonance imaging, it has been shown that during a cycle incremental exercise, LVEDV and LVSV were consistently larger at peak expiration whereas it was the opposite for right ventricular end-diastolic volume [27]. In the present study, this phenomenon may have been accentuated by the fact that breathing was stopped for a prolonged time at the end of expiration. According to the Frank–Starling law, a larger LVEDV at the end phase of EEBH would have resulted in a greater LVSV, as supported by the strong correlation we found between both these factors. It may also be possible that the increased intrathoracic pressures during the exercise bouts with EEBH led to an augmented pulmonary venous return to the left atrium whereas a greater transmural pressure with expiration may have induced a decreased LV afterload [28]. Another possible explanation is that VHL-induced hypercapnia led to a (partial) compensatory LVSV response through a greater sympathetic and adrenergic stimulation and a greater catecholamine release as previously reasoned in apnoea [29] and VHL [4] studies. The greater LVSV during exercise with EEBH was also probably favoured by the marked decrease in HR which led to an increased ventricular filling time and in turn a higher LVEDV. The absence of correlation between ΔHR and ΔLVEDV seems to demonstrate that there were probably important interindividual differences among the subjects in the mechanisms involved in the higher LVSV in VHL. Finally, some studies have reported the occurrence of involuntary breathing movements during long periods of breath holding [23, 24], which could cause waves of negative intrathoracic pressure resulting in an increased venous return and in turn an augmented stroke volume [25]. However, such breathing movements were not observable in the subjects of the present study and seem to occur mainly in highly-trained breath hold divers [24]. 
The marked reduction in HR that occurred during exercise with EEBH (Figure 3 & 4) has already been found during a cycle repeated-sprint exercise with VHL [6]. Bradycardia has also been observed during cycle dry (i.e., without face immersion) moderate to supramaximal exercises with end-inspiratory breath holding [30, 31]. The drop in HR during breath holding would be due to an oxygen-conserving effect that aims at maintaining perfusion to the brain and at reducing cardiac work in order to lower the overall O2 uptake [32, 33]. This effect would be partly mediated by the degree of hypoxaemia through chemoreceptor stimulation [34]. However, the lack of correlation between the decrease in both SpO2 and HR in the present study suggests that other factors than hypoxaemia would play a role in the decrease in HR during prolonged EEBH or more generally during exercise with breath holding [31].
Despite a decreased HR, was higher during EEBH in the second set of VHL exercise (Figure 3 & 4) due to the large increase in LVSV. This may have helped compensate, at least in part, for the large decrease in SpO2 as previously demonstrated [4]. On the other hand, the levels of after the release of EEBH were not different from those of the exercise with NB. This outcome does not support the fact that could be largely augmented during the recovery periods following VHL exercise [6, 8]. In the present study, it is remarkable that the levels measured in the few seconds following the exercise bouts with EEBH were excessively high compared with those reached in the 4-min all-out trial. Actually, it is highly unlikely that these values represent the true muscle oxygen consumption. Breath by breath measurement of is based on the difference between inhaled and exhaled O2 concentrations. During exercise with EEBH, no gas exchange occurs but the body keeps consuming O2 thereby decreasing its pulmonary concentrations. At the resumption of breathing the calculation is therefore biased leading to artificially high values. Consequently, it is difficult to assess whether could be actually enhanced after the release of EEBH when using gas exchange analysis. 
Due to its hypoxic effect, VHL exercise has been shown to induce greater stimulation of the anaerobic glycolysis and higher levels of [La] [5, 21]. However, when performed with a low work-to-rest ratio (e.g, 1:4 [6] vs 3:1 [5]), the repetitions of exercise bouts with EEBH provokes no change or even a decrease in [La] as compared with NB exercise [6, 8]. In the present study, it is remarkable that despite a large arterial desaturation, [La] was not different between VHL and NB conditions. It has been argued that when the recovery periods are longer than the work periods during repetitive short exercise bouts with VHL, the large increase in that follows the release of EEBH should improve lactate clearance [8]. However, considering the issue discussed above, this assumption can be questioned. On the other hand, the high levels of expired ventilation recorded in VHL at the resumption of breathing, which are similar to those reached in the 4-min all-out trial, may not be challenged. This hyperventilation response, probably mediated by the stimulation of the chemoreceptors to both hypercapnia and hypoxaemia, is important since it may buffer the excess hydrogen ions through the bicarbonate to carbon dioxide chemical process. This may contribute to the maintenance in performance (i.e., power output or velocity) during high intensity exercise with VHL [6, 8].
[bookmark: _Hlk37183831]Two limitations have to be considered in the present study. The main one is that the haemodynamic effects of exercising with maximal EEBHs were investigated only at the left heart. Measurements of the right heart through two-dimensional echography or, more interestingly, real-time cardiac magnetic resonance imaging would have been useful to assess the interactions between both ventricles during this kind of exercise. Such techniques, even though limited by exercise intensity and restricted to supine or semi-supine position, hold the potential to unravel to which extent right ventricular stroke volume could be reduced at the end phase of EEBH and augmented after its release. The second limitation concerns the use of impedance cardiography to assess the haemodynamic changes induced by VHL exercise. Although this technique has been validated during moderate and maximal exercise [15, 17] and has shown a good reliability during supramaximal bouts of exercise [35], some studies have reported overestimated values of LVSV and  [16, 36]. It may therefore not be the best method to precisely measure these parameters. However, the goal of this study was mainly to compare the levels of LVSV between VHL and NB exercise. Furthermore, although reportedly providing more accurate values, the use of pulmonary or transpulmonary thermodilution techniques have limited temporal resolution and preclude a precise timing of the changes in stroke volume [37, 38, 39]. In the present study, it was necessary to detect the short-term changes that occur at peak EEBH and at the onset of breathing. By allowing continuous measurements of LVSV, impedance cardiography was probably the appropriate method of measurement. Yet this technique has also been reported to affect measurements during strenuous exercise due to movement and respiratory artefacts [40]. To limit these issues, subjects were required to restrict as much as possible the body movements while pedalling. Furthermore, because of the breathing arrest, respiratory movements were non-existent during the exercise bouts with EEBH. As a result, there were few artefacts and the haemodynamic values could be considered accurate. 
[bookmark: _Hlk38038318]In summary, this study showed that performing repeated bouts of high-intensity exercise with maximal EEBHs induced large increases in both LVSV and LVEDV and marked decreases in HR compared with the same exercise performed with NB. The peak levels of LVSV at the end phase of EEBH were even greater than those measured in the 4-min all-out trial (Figure 5). This overshoot of LVSV, when regularly repeated during training, may lead to interesting physiological adaptations at the heart level, in particular improved ventricular compliance, but this remains to be confirmed in future studies. The impact of exercising with EEBH of maximal duration on the right heart remains also to be investigated.
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FIGURE CAPTIONS
Fig. 1: Description of one exercise bout performed with end-expiratory breath holding (EEBH) of maximal duration and the following period of recovery with normal breathing (NB) (panel A). Each exercise bout started at the onset of EEBH (i.e., just after the first exhalation, dotted line 1) and ended with its release (i.e., after the second exhalation, dotted line 2). At the following session, subjects had to reproduce the duration of each exercise bout and each of the following recovery period with NB only (panel B). MAP4min, mean power output reached in the 4-min cycle trial; FRC, functional residual capacity; RV, residual volume.
Fig. 2. A: Time of each exercise bout performed with end-expiratory breath holding (EEBH) in the first and second set of the high-intensity exercise with voluntary hypoventilation at low lung volume (VHL). B: Levels of arterial oxygen saturation (SpO2) at the end of each exercise bout performed with EEBH (open circles) or with normal breathing (NB) (close circles). T, time effect; C, condition effect; I, interaction effect (T x C). * Significantly different from NB (p < 0.01).
Fig. 3. Left ventricular stroke volume (LVSV), heart rate (HR), cardiac output ()) and left ventricular end-diastolic volume (LVEDV) at the end phase (A: left panels) and in the early recovery (B: right panels) of each exercise bout performed with end-expiratory breath holding (EEBH) (open circles) and with normal breathing (NB) (close circles). T, time effect; C, condition effect; I, interaction effect (T x C). * significantly different from NB (p < 0.05).
Fig. 4. Mean values of the left ventricular stroke volume (LVSV), heart rate (HR), cardiac output () and left ventricular end-diastolic volume (LVEDV) at the end phase (A: left panels) and in the early recovery (B: right panels) of the exercise bouts performed with end-expiratory breath holding (EEBH) (white bars) and with normal breathing (NB) (black bars) in the first and second set. T, time effect; C, condition effect; I, interaction effect (T x C). * significantly different from NB; † Significantly different from Set 1 (p < 0.05).
Fig. 5. Peak values of left ventricular stroke volume (LVSV) recorded during the 4-min maximal trial and in the high-intensity exercise performed with voluntary hypoventilation at low lung volume (VHL) and with normal breathing (NB).* significant difference with the 4-min trial; † Significant difference with NB (p < 0.01).
[bookmark: _Hlk38037495]Fig. 6. Representative data of the left ventricular stroke volume (LVSV) recorded in a single subject during an entire high-intensity exercise (including the recovery periods between repetitions and sets) performed with voluntary hypoventilation at low lung volume (VHL) and with normal breathing (NB). Dashed numbered vertical lines indicate the end of each exercise bout.

















TABLE LEGENDS
Table 1. Results of the 4-min all-out cycle trial

Table 2. Gas exchange in the first 4 s of the recovery periods following each exercise bout
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