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Purpose: High-intensity interval training (HIIT) may induce training-specific physiological adaptations such as improved respiratory and cardiovascular adjustments before and after the onset of high-intensity exercise, leading to improved exercise performance during high-intensity exercise. The present study investigated the effects of HIIT on time-dependent cardiorespiratory adjustment during maximal exercise and before and after initiation of high-intensity exercise, as well as on maximal exercise performance.
Methods: 21 healthy male college students were randomly assigned to HIIT group (n = 11) or control group (n = 10). HIIT group performed training on a cycle ergometer once a week for 8 weeks. The training consisted of three bouts of exercise at 95% maximal work rate (WRmax) until exhaustion. Before and after the HIIT program, dynamic cardiorespiratory function was investigated by ramp and step exercise tests, and HIIT-induced cardiac morphological changes were assessed using echocardiography.
Results: HIIT significantly improved not only maximal oxygen uptake and minute ventilation, but also maximal heart rate (HR), systolic blood pressure (SBP), and time to exhaustion in both exercise tests (p < 0.05). Time-dependent increases in minute ventilation (VE) and HR before and at the start of exercise were significantly enhanced after HIIT. During high-intensity exercise, there was a strong correlation between percent change (from before to after HIIT program) in time to exhaustion and percent change in HRmax (r = 0.932, p < 0.001). Furthermore, HIIT-induced cardiac morphological changes such as ventricular wall hypertrophy was observed (p < 0.001).
Conclusion: We have demonstrated that HIIT at 95% WRmax induces training-specific adaptations such as improved cardiorespiratory adjustments, not only during maximal exercise but also before and after the onset of high-intensity exercise, improvement of exercise performance mainly associated with circulatory systems.
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INTRODUCTION
High-intensity interval training (HIIT) has been reported to improve maximal aerobic capacity and exercise performance, achieve higher training effects with shorter training periods, and produce maximal cardiorespiratory improvement similar to continuous training, making it widely used in Europe and globally (Tabata et al., 1996; Rognmo et al., 2004; Wisløff et al., 2007; Monks et al., 2017; Kercher et al., 2023). Matsuo et al. (2014) examined the effects of HIIT at different training intensities five times a week for 8 weeks, and reported comparable increases in aerobic exercise capacity and cardiac morphological changes regardless of training intensity and contents. Stepto et al. (1999) reported that HIIT at markedly different training intensities (85% vs. 175% maximal power output) performed twice a week for 3 weeks improved post-training maximal power and 40-km time trial performance to similar extent. Recently, similar results were reported by Litleskare et al. (2020) who compared training-specific adaptations to 8 weeks of continuous moderate-intensity training with sprint interval training, and reported that both training modalities achieved similar improvements in several performance measures including maximal oxygen uptake (VO2max). Our previous study also showed that once-weekly HIIT significantly improved VO2max and cardiorespiratory function during submaximal exercise, induced cardiac morphological adaptations, and produced a training effect similar to other HIIT protocols performed several times a week (Nakahara et al., 2015). Therefore, many HIIT studies have reported significant adaptive changes in the cardiorespiratory system, including decreased resting systolic blood pressure (SBP) and myocardial hypertrophy, similar to continuous training, regardless of training intensity or frequency. Moreover, HIIT has been found to be effective in improving high blood pressure and cardiorespiratory function not only in adults and the elderly but also in children and adolescents (Domaradzki et al., 2022; Popowczak et al., 2022). Thus, investigating these parameters both at rest and during maximum exercise is crucial for understanding the adaptation of the circulatory function to HIIT. However, the effects of HIIT on time-dependent cardiorespiratory responses during ramp exercise and before and after the initiation of high-intensity step exercise, and the relationship between adaptive changes in the cardiorespiratory system and improved exercise performance have not been investigated. In a recent report, we have shown that heart rate (HR) response before the initiation of high-intensity step exercise is altered in an intensity-dependent manner by neural drives from higher centers, and is closely related to faster HR response to exercise and determines maximal exercise performance (Miyamoto et al., 2022). This rapid HR adjustment, both before and after beginning the exercise, helps enhance the oxygen (O2) supply to the muscles that are active. Consequently, this enables individuals to rapidly adapt to the energy requirement of constant load submaximal work, leading to a reduced O2 deficit. Thus, we hypothesize that HIIT may induce training-specific physiological adaptations such as improved respiratory and cardiovascular adjustments not only during maximal exercise, but also before and after the onset of high-intensity exercise, leading to improved exercise performance. Furthermore, the combination of HR acceleration and enhanced myocardial contractility, a result of cardiac hypertrophy from HIIT-induced cardiovascular adaptations, not only improves cardiac function during maximal exertion but also influences the SBP response in a time-dependent manner during high-intensity exercise. This effect allows for maintaining elevated blood pressure longer after high-intensity exercise begins, facilitating extended durations of such exercise. Moreover, this enhanced cardiac and circulatory response significantly supports the circulatory system’s ability to supply oxygen continuously to active muscles from the start of exercise, thereby boosting overall performance during high-intensity activities. To prove the above hypothesis, the present study examined the effects of HIIT on intensity-dependent dynamic cardiorespiratory response before and after initiation of step and ramp exercise tests, and investigated the relationship between exercise training-induced adaptive cardiorespiratory changes and improved exercise performance.
MATERIALS AND METHODS
Subjects
21 healthy male college students with no cardiovascular risk factors participated in the study (Table 1). The subjects’ exercise habits involved engaging in light exercise and sports once or twice a week. They were healthy male college students with normal fitness levels, although they were not considered well-trained athletes. Subjects were randomly assigned to one of the following two groups: HIIT group (n = 11, age: 21 ± 1, weight: 84 ± 17 kg, height: 174 ± 6 cm, BMI: 28 ± 6) and control group (n = 10, age: 21 ± 2, weight: 80 ± 24 kg, height: 170 ± 8 cm, BMI: 27 ± 6). Pre- and post-intervention physical properties were not different between the HIIT and control groups. All subjects were informed about the experimental procedures, potential risks and discomfort, and signed an informed consent form. The present study was approved by the Human Subjects Committee of Morinomiya University of Medical Sciences (No. 2018-056) and Osaka Sangyo University (No. 2021-21).
TABLE 1 | Comparison of resting cardiorespiratory variables before and after intervention in the HIIT and control groups.
[image: Table 1]Experimental protocols and procedures
The intervention period was 8 weeks, during which the HIIT group underwent one session of exercise training per week, while the control did not undergo exercise training. Before and after the intervention period, all subjects underwent ramp exercise test and step exercise test (high-intensity constant-load exercise) for investigation of cardiorespiratory function. For 24 h preceding the day of an exercise test, the subjects were instructed to avoid strenuous exercise and to continue their usual diet, but to avoid food with a high salt content. Food, alcohol, and caffeine were prohibited 4 h before each test. Ramp exercise test was conducted at 2 weeks before the intervention period, and 1 week after the intervention period. Step exercise test was conducted at 1 week before and 2 weeks after the intervention period. Left ventricular adaptations were assessed by echocardiography before and after the intervention period. Echocardiographic examination was conducted before a ramp exercise test.
Exercise training protocol
The HIIT group conducted high-intensity interval training at a frequency of one session per week for 8 weeks (Figure 1A). The exercise training program involved bicycle ergometer exercise as described in our previous report (Nakahara et al., 2015; Nakahara et al., 2020). Each training session consisted of three bouts of exercise at 95% maximal work rate (WRmax) until exhaustion. The 3-min recovery period between training bouts consisted of 2 min of active recovery at 0 W, which provides an appropriate balance between intracellular restitution and maintenance of high oxygen uptake kinetics (Seiler and Hetlelid, 2005), followed by 1 min of rest (Figure 1A). During exercise training, the pedaling speed was maintained at around 60 rpm until the subject could no longer maintain a pedaling rate above 50 rpm despite strong verbal encouragement. At each training session, all subjects were interviewed to ensure that they had not changed their routine activities apart from the HIIT program. The control group did not perform any exercise other than routine activities during the intervention period.
[image: Figure 1]FIGURE 1 | High-intensity interval training (HIIT) protocol (A) and overall timeline of HIIT and pre- and post-training tests (B). The HIIT protocol consists of 3 sets of step exercise at an intensity of 95% maximal work rate performed until exhaustion, with 3 minutes of rest between sets, once a week for 8 weeks. Before and after the HIIT program, two exercise tests: a ramp (week -2 and week 9, respectively) and a step exercise test (week -1 and week 10) are conducted. The test methods are shown in (B).
Ramp exercise test
In each subject, VO2max was assessed as the maximal aerobic capacity by a ramp exercise test using a computer-controlled bicycle ergometer (AEROBIKE 75XL, Combi wellness Co., Tokyo). The work rate was set initially at 20 W for 3 min as warm-up, and increased by 20 W every minute (Figure 1B). During exercise, the pedaling rate was maintained at approximately 60 rpm, until the subject could no longer maintain a pedaling rate above 50 rpm despite strong verbal encouragement. The criteria for the achievement of VO2max were a plateau in O2 uptake (VO2) despite increased work rate, and a respiratory exchange ratio above 1.10. Other cardiorespiratory functions were also measured together with VO2max. Physical properties and maximal cardiorespiratory capacity of the two experimental groups are given in Tables 1, 2. The WRmax achieved by each subject during the ramp exercise test was defined as 100% WRmax, and based on this value, relative WR for the subsequent tests was determined for each subject.
TABLE 2 | Comparison of maximal cardiorespiratory variables and exercise performance during the ramp and step exercise tests conducted before and after intervention in the HIIT and control groups.
[image: Table 2]Step exercise test
Cardiorespiratory function and maximal intense exercise performance were measured during step exercise test using a bicycle ergometer. The work rate for the step exercise test was set at 95% WRmax for all subjects, both before and after intervention (Figure 1B). During exercise, the pedaling rate was maintained at approximately 60 rpm. The time to exhaustion was defined as the interval from exercise onset until the subject could no longer maintain a pedaling frequency above 50 rpm despite strong verbal encouragement.
Experimental apparatus and measurements
Respiratory and metabolic data during the exercise tests were recorded using an automatic breath-by-breath gas analyzing system (ARCO2000-MET; Arcosystem, Chiba, Japan) consisting of a differential pressure transducer, sampling tube, filter, suction pump, and mass spectrometer. We recorded expired flow, CO2 and O2 concentrations; and derived tidal volume (VT), respiratory rate (RR), minute ventilation (VE), VO2, and CO2 output (VCO2) from the digitized data. The gas analyzers were calibrated before and after each test. HR was monitored via a three-lead electrocardiogram (BSM-7201; Nihon Kohden, Tokyo, Japan), and beat-to-beat HR was recorded continuously using a personal computer in on-line mode at a sampling rate of 200 Hz during each test. Blood pressure (BP) was monitored using an automatic indirect manometer (EBP-300, Minato Med. Sci. Co. Osaka, Japan) worn on the participant’s left arm while seated on the cycle ergometer. Mean blood pressure (MBP) was calculated from measured SBP and diastolic blood pressure (DBP) using the formula: (SBP - DBP)/3 + DBP. During each test, HR, O2, CO2 and flow signals were recorded continuously at 200 Hz. BP were recorded continuously every 30 s. M-mode echocardiography was conducted using an SSD 6500 ultrasound device (Aloka, Tokyo, Japan) and a sector probe, with the subject supine. M-mode left ventricular measurements were derived from the parasternal long-axis view, and the septal and posterior wall thicknesses of the left ventricle and the dimensions of the ventricle cavities were measured in triplicate according to the recommendations of the American Society of Echocardiography (Sahn et al., 1978). Left ventricular mass was calculated using Devereux’s formula (Devereux et al., 1986). Left ventricular volume was computed using the Teichholz rule. All analyses were performed by one investigator.
Data analysis
For resting data in both groups, mean cardiorespiratory responses of each subject were calculated from the measurements averaged over the first minute of the 3-min resting period before each exercise test. For each exercise test performed until reaching exhaustion, measurements of cardiorespiratory variables were averaged over 10 s. The maximal 10-s averaged values of cardiovascular variables were used as the subject’s maximal cardiorespiratory function data. During the step exercise test, the dynamic cardiorespiratory responses before the start of exercise (−40 to 0 s) and after the start of exercise (0–40 s) were calculated using data averaged over 10 s. The BPs measured during the ramp and step exercise tests were averaged every 1 min, both before and after the start of exercise. Time to exhaustion was defined as the interval from onset of exercise until the subject could no longer maintain a pedaling frequency above 50 rpm despite strong verbal encouragement. Each echocardiographic measurement was the mean of three continuously repeated echocardiographic measurements. Missing data on blood pressure in the post-training HIIT group (ramp and step exercise test, n = 10 and n = 11, respectively) and the control group (ramp and step exercise test, n = 8 and n = 8, respectively) have been replaced by the group’s mean response at that time point for statistical analysis.
Statistical analysis
T-test was used to compare the mean values of two groups. When the objective was to discern the main effects and potential interactions between the variables of ‘Group’ and “Training”, a two-way mixed-effect ANOVA for repeated measures was employed, utilizing the mean data of individual subjects. Further, to accommodate intra-individual comparisons and to unravel the main effects of “Group”, “Training”, as well as “Time”—along with any interactions amongst these factors—a three-way mixed-effect ANOVA was conducted. This encompassed an additional within-subject factor, “Time”, segmented into four discrete intervals (5 s, 15 s, 25 s, and 35 s). The model was meticulously crafted to evaluate the fixed effects of “Group” (HIIT vs. CONTROL) and “Training” (Pre vs. Post), while also accounting for the random effect attributed to individual participants. This facilitated the accommodation of the repeated measures design intrinsic to our study. The inclusion of the “Time” element permitted an in-depth analysis of respiratory and circulatory responses within each training session, thereby capturing the nuanced dynamics of cardiorespiratory responsiveness to the HIIT protocol. We integrated an interaction term involving “Group”, “Training”, and “Time” within our model to ascertain if the HR response to the training regimen exhibited variability not only between the groups but also across the different time intervals within the training sessions. In instances where significant interaction effects surfaced, the analysis was meticulously refined through the application of the Tukey Honest Significant Difference (HSD) post hoc test. This pivotal step allowed for a granular examination of the specific mean differences spanning multiple comparisons, particularly within the HIIT group, across the diverse time intervals between pre- and post-training sessions. For the evaluation of the VO2–HR relationship during the ramp exercise test, we resorted to multiple regression analysis. This facilitated the computation and subsequent comparison of the slope before and after the intervention. Furthermore, the Pearson product-moment correlation coefficient (r) analysis was leveraged to probe into the relationship between the percent change in HRmax and the percent change in time to exhaustion during the step exercise test, with the percent change computed as [(post-intervention value–pre-intervention value)/pre-intervention value × 100%]. All data are articulated as mean ± SD unless stated otherwise. For all statistical analyses conducted, we upheld a criterion for statistical significance at p < 0.05.
RESULTS
Table 1 compared the resting cardiorespiratory variables between the HIIT and control groups before and after intervention. Resting SBP in the HIIT group decreased significantly (−6%, p = 0.004) before and after the intervention (Table 1). Two-way ANOVA revealed a significant group × training interaction and the main effect of training for this variable. However, other pre- and post-intervention resting cardiorespiratory variables were not different between the HIIT and control groups.
The time courses of VO2 and HR during the ramp exercise test and the maximum values of the cardiorespiratory variables and the maximum achievable work rate were compared before and after intervention in the HIIT and control groups (Figure 2A; Table 2). In the ramp exercise test, two-way ANOVA revealed a significant group × training interaction for VO2max (+13%, p = 0.006), VEmax (+27%, p < 0.001), RRmax (+13%, p = 0.003), HRmax (+3%, p = 0.046), SBPmax (+9%, p = 0.004) and WRmax (+13%, p < 0.001), indicating greater changes in these variables in the HIIT group than that in the control group. Analysis of simple interaction effect also confirmed that the changes were due to the significant training effects that improved those variables in the HIIT group.
[image: Figure 2]FIGURE 2 | (A): Data of a representative subject showing changes in VO2 and HR over time and VO2-HR relationship during ramp exercise test performed before and after intervention in the HIIT and control groups. (B): Comparison of scatter- plots and bar charts of averaged data for slope of the VO2‒HR relationship during ramp exercise test before and after intervention in both groups. Close circles denote mean pre-intervention data. Open circles denote mean post-intervention data. Black bars denote mean pre-intervention data, and white bars denote mean post-intervention data. Vertical bars indicate ± SD. * p < 0.05 vs. pre-intervention value. In the trained representative subject, the intensity-dependent HR increase during ramp exercise test differs before and after the training, and is higher at low and middle intensity than at high intensity. However, no such changes are observed in the untrained representative subject (A). The points below the identity line represent decreased measurement data in the post-training compared with pre-training in individual participants (B). In the HIIT group, the slope of the VO2‒HR relationship decreases (p = 0.016). However, no significant differences in slope are found in the control group. HIIT high-intensity interval training, VO2 oxygen uptake, HR heart rate.
Figure 2A shows the data of a representative subject in the HIIT group, the exercise intensity-dependent HR increase response during ramp exercise test was different before and after the HIIT program; HR response after the HITT program was higher than that before the program at low and middle intensities, but the two curves tended to converge at high intensity. However, no differences in exercise intensity-dependent HR response before and after intervention was observed in a representative subject in the control group, indicating that HIIT induced a faster HR response during dynamic exercise. This finding was supported by the VO2–HR relationship during ramp exercise test, which showed a significant decrease in the slope (p = 0.016) after intervention only in the HIIT group (Figure 2B).
The maximum values of the cardiorespiratory variables and the time to exhaustion during the step exercise test were compared before and after intervention in the HIIT and control groups (Table 2). In the step exercise test, two-way ANOVA revealed a significant group × training interaction and the main effect of training for VEmax (+21%, p = 0.009), HRmax (+6%, p = 0.003), SBPmax (+11%, p = 0.001) and time to exhaustion (+95%, p < 0.001), indicating greater changes in these variables in the HIIT group than that in the control group. Analysis of simple interaction effect also confirmed that the changes were due to the significant training effects that improved those variables in the HIIT group.
Figure 3 shows the time courses of cardiorespiratory responses preceding and after exercise during the step exercise test performed before and after intervention in the HIIT and control groups. During the resting stage prior to exercise onset, time-dependent baseline shifts in HR are observed during step exercise test after training compared to before training in the HIIT group. Three-way ANOVA revealed a significant group × training interaction and main effect of training and time for HR during the resting period (−10 to 0 s, p = 0.020). However, no such changes are observed in the control group. However, no such changes are observed in the control group. After exercise onset, the changes in cardiorespiratory responses during step exercise test is higher after training compared to before training in the HIIT group. During the initial exercise periods, Three-way ANOVA revealed a significant group × training interaction and main effect of training and time for HR (0–10 s, p < 0.001; 10 to 20, p < 0.001; 20 to 30, p = 0.031) and VE (0–10 s, p = 0.009). But no such change is observed in the control group.
[image: Figure 3]FIGURE 3 | Time courses of cardiorespiratory responses preceding and after exercise during the step exercise test performed before and after intervention in the HIIT and control groups. Close circles denote mean pre-intervention data. Open circles denote mean post-intervention data. Vertical bars indicate ± SD. * p < 0.05, *** p < 0.001 vs. pre-intervention value. During the resting stage prior to exercise onset, time-dependent baseline shifts in HR are observed during step exercise test after training compared to before training in the HIIT group. Three-way ANOVA revealed a significant group × training interaction and main effect of training and time for HR during the resting period (-10 to 0 s, p = 0.020). However, no such changes are observed in the control group. After exercise onset, the changes in cardiorespiratory responses during step exercise test is higher after training compared to before training in the HIIT group. During the initial exercise periods, Three-way ANOVA revealed a significant group × training interaction and main effect of training and time for HR (0 to 10 s, p < 0.001; 10 to 20, p < 0.001; 20 to 30, p = 0.031) and VE (0 to 10 s, p = 0.009). But no such change is observed in the control group. HIIT high-intensity interval training, HR heart rate, VO2 oxygen uptake, VE minute ventilation, VT tidal volume, RR respiratory rate, BP blood pressure, SBP systolic blood pressure, DBP diastolic blood pressure, MBP mean blood pressure.
Figure 4 shows the plots of pre- and post-intervention HRmax and time to exhaustion in the step exercise test. In the HIIT group, there was no significant correlation between pre- and post-intervention HRmax, and between pre- and post-intervention time to exhaustion. However, there was a strong correlation between percent change (from before to after HIIT program) in time to exhaustion and percent change in HRmax (r = 0.932, p < 0.001). In the control group, no correlation was found in all the plots.
[image: Figure 4]FIGURE 4 | Relationship between HRmax and time to exhaustion in the step exercise test before and after intervention in the HIIT and control groups. Open circles denote individual data in the HIIT group. Close circles denote individual data in the control group. solid line is the linear regression line. In the HIIT group, there is no significant correlation between pre-intervention and post-intervention HRmax or time to exhaustion. However, there is a high correlation between percent change in time to exhaustion and percent change in HRmax (r = 0.932, p < 0.001) in the HIIT group. No correlation is found in the control group. HRmax maximal heart rate; Exhaustion time time to exhaustion during the step exercise.
Table 3 compares the mean left ventricular morphological variables measured in resting supine position before and after intervention in the HIIT and control groups. Two-way ANOVA revealed a significant group × training interaction for posterior wall thickness (PWT) and left ventricular mass (LV mass), indicating greater changes in these variables in the HIIT group than those in the control group. Analysis of simple interaction effect also confirmed that the changes were due to the significant training effects on PWT and LV mass in the HIIT group. In the HIIT group, PWT and LV mass at rest increased by 11% (p = 0.001), 15% (p < 0.001), respectively, after the HIIT program compared to before the program. But no such change is observed in the control group.
TABLE 3 | Comparison of resting left ventricular morphology before and after intervention in the HIIT and control groups.
[image: Table 3]DISCUSSION
Effects of HIIT on maximal cardiorespiratory response during exercise
Many previous studies have shown that both endurance training and interval training generally increase VO2max as an indicator of aerobic exercise capacity. In this study, we also demonstrated that once a week HIIT at 95% WRmax intensity improved not only VO2max (+13% in ramp exercise test), but also the time to exhaustion in high-intensity step exercise test (+95%, p < 0.001) (Table 2). These results are consistent with our previous report that interval training at 80% WRmax intensity increased VO2max by 13% and prolonged time to exhaustion during step exercise by 85% (Nakahara et al., 2015). Comparing our HIIT protocols at 95% WRmax and 80% WRmax, the mean time to exhaustion during interval training was 2 min 10 s and 6 min 46 s, respectively. This result suggests that HIIT at 95% WRmax requires a relatively low contribution of aerobic energy metabolism during training than HIIT at 80% WRmax. This may imply that substantial contribution of aerobic energy metabolism during training is not necessarily required to produce the effect of HIIT on maximal cardiorespiratory response. In a previous study, Matsuo et al. (2014) reported that an HIIT program of training 5 times a week at two different intensities (85%–90% vs. 120% VO2max) improved VO2max by 23% and 17%, respectively. Stepto et al. (1999) also reported improved maximal power and 40-km time trial performance by two markedly different HIIT protocols (85% power output and 175% power output, twice a week). These results suggest that similar training effects can be obtained by HIIT regardless of training intensity. Interestingly, our study demonstrated experimentally that even at a training frequency of once weekly, HIIT exhibited cardiorespiratory effects (VO2max increased by 8%–22% and VEmax increased by 14%–25%), comparable to those reported for previous training studies using different exercise intensities, durations, and frequencies (Slørdahl et al., 2004; Roditis et al., 2007; Kim et al., 2016; Monks et al., 2017). Previous study has shown that HIIT increases VO2max by inducing significant adaptive changes in the cardiovascular system (Helgerud et al., 2007). Indeed, in the present study, subjects who completed the HIIT program showed increases (from before to after HIIT program) in HRmax of 190–196 beats (+3%) and 174 to 184 beats (+6%) in ramp and step exercise tests, respectively; and increases in SBPmax of 189–206 mmHg (+9%) and 179–197 mmHg (+11%).
Effects of HIIT on dynamic cardiorespiratory responses before and during ramp and step exercises
Another new finding in this study is that HIIT not only increases HRmax and SBPmax during maximal exercise, but also alters the time-dependent HR responses before and after the start of step exercise (Figure 3). There was a strong correlation between percent change (from before to after HIIT program) in time to exhaustion and percent change in HRmax during high-intensity exercise (Figure 4). After HIIT, the 10-s HR immediately before starting step exercise increased by 9% (from 91 bpm pre-HIIT to 100 bpm post-HIIT) and the HR increase was accelerated at the start of exercise and continued until almost the end of exercise. Recently, we demonstrated that the quantitative and temporal changes in cardiorespiratory responses during the pre-exercise resting anticipation period were dependent on the subsequent exercise intensity (0% WRmax vs. 95% WRmax task: from 72 bpm to 102 bpm, increased by 42%), suggesting a role of neural control mechanism in the higher brain (Miyamoto et al., 2022). The HIIT-induced time-dependent HR increase during pre-exercise anticipation period observed in this study supports the existence of exercise experience-based learning mechanism (Wood et al., 2003) that adequately explains the results of this study. Also, in a previous study, the time to exhaustion with and without preparation for HR responses from the exercise preparation period to just after initiation during high-intensity exercise changed by 15%. In addition, the enhanced exercise performance correlated positively with increased HR response just before and immediately after exercise onset (Miyamoto et al., 2022). In this study, despite the similar acceleration observed in both the HR during the preparatory period and the immediate post-exercise, which notably changed time to exhaustion (95%), no correlation was found between these factors. These findings suggest that the acceleration in circulatory response is not solely responsible for all aspects of exercise performance. Instead, they imply a complex influence of various adaptive changes in cardiorespiratory functions observed in this study, indicating that they collectively impact exercise performance. Other previous studies demonstrated that the time constant of cardiorespiratory response immediately after the start of moderate-intensity step exercise decreased significantly after HIIT and endurance training (Hagberg et al., 1980; McKay et al., 2009). These results indicate that adaptation to exercise training enables an individual to adjust more rapidly to the energy requirement of constant load submaximal work, resulting in a smaller O2 deficit. This is consistent with the present finding of an accelerated initial increase in VE and HR response after exercise onset in subjects who completed the HIIT program (Figure 3). However, this study employed a high-intensity load (95% WRmax) used in actual training sessions. Previous studies have indicated that the HR response before the initiation of high-intensity step exercise is altered in an intensity-dependent manner (Miyamoto et al., 2022). Considering these findings, relying on traditional low to moderate-intensity step loads in evaluating similar high-intensity training sessions might limit the assessment of specific training-induced adaptations before and after exercise initiation. Based on control system theory for a dynamic linear system (Whipp and Ward, 1980; Rossiter, 2011), the HIIT-induced change in slope of the VO2–HR relationship during the ramp exercise observed in this study indicates clearly that the HR response after the onset of exercise is accelerated, which leads to essentially the same conclusion as that obtained in the step exercise test. The decrease in resting BP due to exercise training has already been reported, and the results are consistent with previous studies (Tjønna et al., 2009; Dimeo et al., 2012; Domaradzki et al., 2022; Popowczak et al., 2022). Our novel finding that an HIIT program enhances time-dependent increase in HR response during exercise indicates that HIIT may increase sympathetic activation during all phases of high-intensity exercise from onset to end of exercise, resulting in functional enhancement of the central circulatory system during high-intensity exercise.
Effects of HIIT on intense exercise performance and possible mechanisms
The mechanism of acceleration of HR response and marked improvement in intense exercise performance after once weekly HIIT for 8 weeks is unclear, but may be partly due to adaptive changes in autonomic circulatory regulation, which may greatly improve oxygen delivery at the onset of exercise. This may increase oxygen supply to muscles and decrease peripheral muscle fatigue, consequently contributing to improve intense exercise performance (Sietsema et al., 1989; Amann and Calbet, 2008). We have previously shown that HR increase prior to and after the onset of step exercise under anticipation conditions is strongly associated with time to exhaustion (Miyamoto et al., 2022). Therefore, the observation of a significant increase in HR from pre-exercise resting period in the HIIT group suggests that anticipatory cardiorespiratory control (feedforward control) is also affected by HIIT, which may partly explain the improvement in intense exercise performance after training. On the other hand, the finding that the improvement in intense exercise performance was more pronounced in the step exercise test than in the ramp exercise test (step: +95% time to exhaustion vs. ramp: +13% WRmax) seems to imply that improvement of exercise performance is determined not only by maximum aerobic capacity of the cardiorespiratory system, but also by various physiological mechanisms including changes in anaerobic capacity in the body.
Although few previous studies have investigated changes in maximal HR and SBP and dynamic HR responses to exercise after HIIT, some reports showed that HRmax was unchanged (Warburton et al., 2004; Roditis et al., 2007; Nakahara et al., 2015) or decreased (−4%) (Monks et al., 2017), and SBPmax did not change after HIIT training (Warburton et al., 2004). Our previous HIIT study using 80% WRmax intensity also detected no difference in HRmax during ramp exercise (Nakahara et al., 2015). The reason for the difference between the present findings and previous results is unclear, but may be related to the difference in exercise intensity of HIIT and/or the difference in training method to reach exhaustion.
Effect of HIIT on left ventricular morphology
In this study, significant increases in PWT (+12%), LV mass (+12%) were observed after undergoing HIIT at 95% WRmax once a week for 8 weeks. Our previous HIIT study also showed similar results (Nakahara et al., 2015). Our previous study performed at 80% WRmax once a week for 12 weeks achieved comparable training effects (PWT: +18%, LV mass: +28%) (Nakahara et al., 2015), and morphological changes of the left ventricle were also observed. Haykowsky et al. (1998) observed that short-term high-intensity endurance training for 3 weeks induced rapidly increasing adaptation only for PWT (+7%), but not for LV mass or left ventricular end-diastolic dimension (LVEDd). In addition, Matsuo et al. (2014) compared the effects of different intensities (85%–90% vs. 120% VO2max) of HIIT (5 times a week for 8 weeks) and observed similar increase in LV mass (+8% and +6%, respectively) regardless of training intensity. The findings of these previous studies are generally consistent with the results of this study. On the other hand, Matsuo et al. (2014) reported a decrease in resting HR (−5 to −9%) and increases in LVEDd (+8–10%) and stroke volume (SV) (+4–9%) after HIIT. Helgerud et al. (2007) also showed an increase in SV (+9–10%) during maximal exercise after HIIT. On the contrary, we found no significant changes in resting HR, LVEDd and SV after HIIT, both in the present and previous studies (Nakahara et al., 2015).
Physiological adaptive changes in the heart of athletes have been found to vary depending on training modalities (Morganroth et al., 1975; Adams et al., 1981; Zeppilli et al., 1995). Morganroth et al. (1975) reported that increased LV mass in long distance runners and swimmers undergoing endurance training was associated with extensional hypertrophy by increasing LVEDd, and that increased LV mass in wrestlers undergoing interval and resistance training was associated with concentric hypertrophy by increasing ventricular septal thickness (IVS) and PWT. In addition, Fagard et al. (1983) reported that training-associated increases in IVS and PWT were due to concentric left ventricular hypertrophy resulting from a rapid increase in systolic blood pressure. In this study, the significant increase in SBP during ramp and step exercise tests after HIIT indicated that the stress load on the heart was sufficient, and the subjects exercised until exhaustion during each training session. These results suggest that the increases in PWT and LV mass are due to concentric left ventricular hypertrophy caused by repeated stress to the heart. The reason for the difference in training effect among studies is not clear, but may depend on the nature of the training program, such as the frequency, volume and method of training.
CONCLUSION
We have demonstrated that HIIT at 95% WRmax induces training-specific adaptations such as improved cardiorespiratory adjustments, not only during maximal exercise but also before and after the onset of high-intensity exercise, improvement of exercise performance mainly associated with circulatory systems accompanied by left ventricular hypertrophy, which are comparable to the effects of less intense (80% WRmax) HIIT reported previously. Furthermore, the comparison with the control group provided additional evidence of the efficacy of HIIT at 95% WRmax in inducing these advantageous adaptations.
STUDY LIMITATION
Age and gender are well known to have significant impact on cardiac response to exhaustive upright cycle exercise. For example, previous studies indicate differential regulation of cardiovascular function and exercise efficiency between sexes during constant-load submaximal exercise (Fleg et al., 1995; Charkoudian and Joyner, 2004; Wheatley et al., 2014). Therefore, female and older participants were not included in this study.
Regarding the sample size, ideally, the number of participants, including women, should have been increased to at least two digits for a more robust validation. However, due to the challenges of conducting a training experiment with such a large number of indicators and the limitations of time and physical resources to measure multiple indicators, it was not possible to gather the desired number of participants during the planning stage of this experiment. In the future, it is crucial to devise strategies to increase the sample size and conduct experiments effectively.
The training effect is strongly influenced by the subjects’ initial fitness level and training status. In our studies of the effects of once weekly HIIT so far, the subjects were healthy male college students with normal fitness, but not well-trained athletes. It is possible that training effects are acquired easily in these subjects. However, it remains unclear whether HIIT will produce similar effects in well-trained athletes. Moreover, participants in this study required substantial motivation during the training period. Therefore, less motivated subjects, especially persons with low fitness level or patients with various diseases, may have difficulties in performing the severe-intensity interval training. Further study is thus needed to design training programs with intensity and frequency appropriate for persons with low fitness level or patients with various diseases, and examine the effects in these study populations.
To address concerns about the small size of our participant group and determine an appropriate sample size, we conducted a comprehensive power analysis. This analysis considered the variability in effect sizes across various measures, employing a conservative approach to estimate these sizes based on outcomes observed in comparable studies. With a significance level (α) set at 0.05 and a target statistical power of 0.80, our analysis revealed that the optimal sample size is not fixed but varies depending on the specific effect sizes under consideration. Initially, the study began with a sample size of 21 participants, encompassing both the HIIT group and the control group. However, in-depth analyses, we observed a range of effect sizes, ultimately indicating that the optimal sample size should ideally range from 24 to 40 participants to attain a sufficient level of statistical power. It should be noted that despite our efforts to augment the sample size, the inherent challenges associated with conducting a training experiment posed substantial difficulties, preventing us from achieving the desired increase in sample size. Furthermore, it is essential to recognize that all examined indicators consistently revealed a substantial interaction effect between the group and training factors, underscoring the significance of this finding despite the constraints imposed by the sample size. In future research endeavors, it may prove advantageous to contemplate a larger sample size to strengthen the robustness of the results and enhance the generalizability of the findings. Additionally, exploring potential additional factors that could exert an influence on the observed effects may contribute to a more comprehensive understanding of the phenomena under investigation.
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