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Abstract
Aerobic capacity, which is expressed as peak oxygen consumption (VO2peak), is well-known to be an independent predictor of all-cause mortality and cardiovascular prognosis. This is true even for people with various coronary risk factors and cardiovascular diseases. Although exercise training is the best method to improve VO2peak, the guidelines of most academic societies recommend 150 or 75 min of moderate- or vigorous- intensity physical activities, respectively, every week to gain health benefits. For general health and primary and secondary cardiovascular prevention, high-intensity interval training (HIIT) has been recognized as an efficient exercise protocol with short exercise sessions. Given the availability of the numerous HIIT protocols, which can be classified into aerobic HIIT and anaerobic HIIT [usually called sprint interval training (SIT)], professionals in health-related fields, including primary physicians and cardiologists, may find it confusing when trying to select an appropriate protocol for their patients. This review describes the classifications of aerobic HIIT and SIT, and their differences in terms of effects, target subjects, adaptability, working mechanisms, and safety. Understanding the HIIT protocols and adopting the correct type for each subject would lead to better improvements in VO2peak with higher adherence and less risk.
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[bookmark: OLE_LINK42]Core tip: There are numerous of high-intensity interval training (HIIT) protocols, which can be classified into aerobic HIIT and anaerobic HIIT [usually called sprint interval training (SIT)]. Professionals in health-related fields, including primary physicians and cardiologists, may find it confusing when selecting an appropriate protocol for their patients. This review describes the classifications of aerobic HIIT and SIT, and their differences in terms of effects, target subjects, adaptability, working mechanisms, and safety. Understanding the HIIT protocols and adopting the correct type for each patient would lead to better improvements in VO2peak with higher adherence and less risk.
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[bookmark: _Hlk9842075]INTRODUCTION 
Accumulated evidence suggests that aerobic capacity (VO2peak) is the strongest predictor of future health, all-cause mortality[1-3], and cardiovascular risks[4,5]. Moreover, several studies have suggested that people with established coronary vascular disease (CVD) risk factors (such as high body mass index, hypertension, or diabetes) and high cardiorespiratory fitness have a highly attenuated risk of CVD and premature mortality[4,5]. Thus, it has become a major goal in the medical field to improve VO2peak in patients with lifestyle-related diseases with (as a secondary prevention strategy) or without (as a primary prevention strategy) cardiac disorders. For improvement in public health, performing regular physical exercise is indispensable together with a nutritional approach. Healthy young and middle-aged people can select from the many choices of exercise training methods, including recreational sports, in daily life. In contrast, people with lifestyle-related disease and/or elderly people are often sedentary and physically unfit. Thus, some useful techniques and limitations exist when encouraging exercise training with adequate safety and high adherence in these people. High-intensity interval training (HIIT) has been recognized as an alternative and more efficient protocol than moderate-intensity continuous training (MCT), which is the gold standard recommended in several guidelines[6-8]. HIIT and sprint interval training (SIT) for 6-8 wk increase VO2peak more than or at least comparable to MCT. In this comprehensive review, many protocols of HIIT and SIT for improving aerobic and metabolic capacity were evaluated for their effects in patients with sedentary lifestyle-related diseases with or without cardiac disease to determine appropriate protocol recommendations for different patient populations. General practitioners and cardiologists should pay more attention to exercise and physical activity rather than to the prescription of drugs.

EXERCISE IS MEDICINEⓇ (EIM) ENCOURAGES PEOPLE TO FORM EXERCISE HABITS
To improve primary and secondary prevention methods in cardiovascular medicine, physical activity should be promoted as a first-line strategy despite new drug developments in the medical treatment field.
Although the value of exercise for improving health is well recognized worldwide[9], widespread adoption of exercise habits has not been adequately achieved, especially in highly developed countries where the use of automobiles is highly prevalent. In a recent study from the World Health Organization[10], about 27.5% of the population in 2016 was recognized as sedentary (i.e., with insufficient physical activity). In this context, EIM is a global health initiative promoted worldwide by the American College of Sports Medicine[11]. EIM encourages primary care physicians and other health-care providers to include physical activity when designing treatment plans, and to offer evidenced-based exercise programs to their patients or refer their patients to qualified exercise professionals. EIM is committed to the belief that physical activity promotes optimal health, is integral in the prevention and treatment of many medical conditions, and should be regularly assessed and included as part of health care. Irrespective of disease severity, exercise can bring improvements in aerobic and metabolic capacity as well as cardiac function if performed with an optimal dose, frequency, and intensity. Despite the continuous recommendations by the American College of Sports Medicine and related professional societies worldwide, the effects of such recommendations on public awareness have been very limited. Many kinds of wearable heart rate monitors and accelerometers are commercially available. Although these state-of-the art products could motivate sedentary people and increase their frequency of exercise training or participation in sports events, more efficient and effective exercise training strategies are still required.
For the success of EIM, professionals who can encourage target people to exercise in a planned way according to detailed exercise protocols, functioning as an intermediary between physicians and patients, would be very important.

GUIDELINE RECOMMENDATION: MCT AS A CLASSIC AND SIMPLE PROTOCOL
[bookmark: _Hlk6124267]The current guidelines on physical activity for health recommend that adults should engage in at least 150 min of moderate-intensity activity or 75 min of vigorous-intensity activity per week, or any combination of activities that amount to the same total energy expenditure[6,12]. Similarly, in the field of cardiac rehabilitation, MCT has been the gold standard for many years for patients with cardiac diseases[13]. The current guidelines on cardiac rehabilitation/exercise training recommend endurance exercises with a moderate intensity at 50%-85% (mostly 70%-85%) of the peak heart rate or anaerobic threshold level for patients with CVD or chronic heart failure (CHF)[7,8,14]. The latest guidelines suggest HIIT as an alternative protocol to improve aerobic capacity and cardiac function. However, the adoption of HIIT in the cardiac rehabilitation setting is still controversial among researchers. In Japan, only a few studies describing the effects of HIIT have been published[15-17]. On the other hand, MCT has been used as a control strategy in randomized controlled trials (RCTs) that evaluated HIIT or SIT. Thus, evidence for the same amount of MCT has been accumulated. In representative MCTs such as walking or jogging, each workout is time consuming and usually monotonous and boring. Therefore, although MCT has become a classic protocol based on evidence from RCTs, it remains difficult for most people, with lack of time being cited as a common hindrance[18].

HIGH INTENSITY IS THE KEY ELEMENT OF EFFICIENT EXERCISE PROTOCOLS: HIIT AND SIT
HIIT
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The inclusion of “adapted” high intensity (relative to a subject’s current physical ability) in the exercise protocol is a key component for exercise to be more efficient as a “medicine.” The clinical and physiological benefits of HIIT compared with those of MCT are shown in Table 1. In multiple RCTs, a wide range of targets, including skeletal muscles[19-22], risk factors[21], vasculature[19-22], respiration[22,23], autonomic function[24], cardiac function[20,22,25-27], exercise capacity[26], inflammation[27], quality of life[27], physiological markers such as VO2peak, and endothelial function, showed better improvements with HIIT than with MCT.
High-intensity exercise consists of aerobic HIIT and anaerobic SIT.
[bookmark: _Hlk6125249]Figure 1 illustrates the representative protocols of aerobic HIIT and 2 anaerobic SITs, as well as a comparison of their intensities, duration, and frequencies. These exercise protocols require a shorter exercise duration to obtain the same benefit as that provided by moderate-intensity exercises. Although maintaining a high intensity exercise workout for a longer duration could be preferred, high-intensity exercise can be realistically tolerated by people with sedentary lifestyle, obesity, old age, or cardiac disease only in the form of interval training. In this regard, HIIT consists of brief, intermittent bursts of vigorous activity (less than VO2peak but usually involves < 100% [70%-90%] of VO2peak or 85%-95% of the peak heart rate) interspersed with active rest periods[22, 28, 29], whereas SIT is classically a Wingate-type protocol (all-out, vigorous-intensity exercise involving approximately 350% of VO2peak[30]) interspersed with longer complete rest periods. These high-intensity protocols are demanding for the subjects even though the intensity is adapted to the individual’s aerobic capacity and the rest period. Although the most popular and evidence-rich protocols are the Wingate test[31] for SIT, and the 4 × 4 min[28,32] or 10 × 1 min protocol for HIIT, many other protocols can be applied by modifying the workout duration, rest interval (work/rest ratio[33]), workout intensity, and workout frequency. The difference between HIIT and SIT is that SIT refers to anaerobic supramaximal VO2max (all-out) intensity and HIIT refers to aerobic submaximal VO2max intensity. The peak power output (PPO) of SIT is about 350% of the power output at VO2max[30]. Meanwhile, the common elements between the two protocols are the high work intensity adapted to the current aerobic capacity of the individual, and the aim of improving both aerobic capacity (VO2peak) and metabolic capacity. However, the risk of these protocols has also been a concern, and more studies are warranted before these protocols are adopted to more common use. A supervised workout is mandatory to maintain high-intensity adherence until the participants become accustomed to the intensity and to heart rate measurements during physical activity by using a wearable heart rate monitoring device. Home-based HIIT is also possible if experienced management programs are provided by renowned centers[34].

Definitions of HIIT and SIT
Unfortunately, the definition of “HIIT” varies across different studies. This review uses the recently suggested definition, which describes HIIT as high-intensity exercise with aerobic intervals, with the target intensity existing in submaximal VO2max between 85% and 95% of the peak heart rate[35]. This definition is distinct from that of SIT, which involves low-volume supramaximal (i.e., all-out) performance[36]. Often, the term “aerobic HIIT” is used for HIIT with sub-VO2max intensity. In this regard, in this review, SIT was evaluated separately from HIIT because its intensity is about 3.5-fold (350% VO2max) the intensity of HIIT; thus, SIT is a very demanding exercise protocol and has been deemed adaptable only to young healthy people in previous studies[36,37]. Elderly people, those with lifestyle-related diseases other than diabetes mellitus, and patients with CVDs have been excluded from the target subjects of SIT.

Representative HIIT protocols
The exercise duration of HIIT has been defined as 30 s to several minutes. This type of HIIT has been adapted for people with lifestyle-related diseases with or without cardiac diseases. There have been RCTs comparing HIIT and MCT for patients with coronary artery diseases (Table 2, showing positive[28,38-41] and negative[19,23,42,43] results) and CHF (Table 3, showing positive[22,25,26,44] and negative[24,45-47] results), with the aim of improving aerobic capacity[48]. The protocols of HIIT and the number of studies showing the superiority of HIIT over MCT in each protocol are shown in Table 4. In both groups, the 4 × 4 min protocol was the most frequently used, showing positive rate of 70.2% in the coronary artery disease group and 75% in the CHF group. The other protocols with exercise durations of 30 s, 2 min, and 3 min were also effective in a limited number of studies.
The 4 × 4 min protocol is popularly used in patients with lifestyle-related plus cardiac disease, and was initially adapted for cardiac disease by Wisløff and Rognomo et al[22,28]. In the first RCT on HIIT in a clinical setting, Rognmo et al[28] evaluated the effects of HIIT compared with those of MCT, with the same total training load, and found that HIIT produced a higher increase of VO2peak in patients with stable coronary artery disease than MCT. This trial adapted the 4 × 4 min method for patients with cardiac disease for the first time, using the same protocol as that used by the same group for young football players[32]. Leading researchers have reported the positive effects of HIIT on aerobic and metabolic capacity in single-center RCTs and meta-analyses. According to several RCTs, HIIT was superior in improving VO2peak in 60% (6/10) of patients with coronary artery disease and in 45.6% of those with CHF (Table 4). The effect of HIIT depends on the workout duration/rest ratio. In contrast, the latest multicenter RCT [Study of Myocardial Recovery After Exercise Training in Heart Failure: (SMARTEX)] showed a negative result using the 4 × 4 min method for patients with CHF with reduced left ventricular dysfunction[45] despite many other studies reporting positive results[22,25,26,44]. Furthermore, this study clarified a problem in this protocol: a low adherence to the exercise intensity. There was a large overlap in the intensity between the HIIT and MCT groups, and this could be a key factor explaining the lack of a difference in the increase of VO2peak between groups[45,49].
Although the 4 × 4 min aerobic HIIT protocol has been used in many studies, it did not consistently yield good results. Some researchers do not recommend this protocol because they believe that the load is excessive and the workout duration is too long for patients with sedentary/cardiac diseases, suggesting that it is a clinically unrealistic training method.
The aerobic 10 × 1 min HIIT protocol has also been developed by Gibala’s group for broader targets including people with obesity and a sedentary lifestyle by decreasing the intensity from all-out performance to approximately VO2max and by increasing each workout duration from 30 s to 60 s[[29,50]]. The number of repetitions was increased from 4-6 to 8-12 during the training course. This led to concomitant doubling of the total external energy expenditure. This protocol was utilized for patients with coronary artery disease by Currie et al[42,51] and in patients with CHF by Smart and Steele[47]. In an RCT comparing the 10 × 1 min HIIT and MCT, HIIT was not found to be superior in improving VO2peak. The intensity of exercise was similar to that of the 4 × 4 min aerobic HIIT protocol. Each workout duration was as short as 1 min, but the frequency was higher than that of the 4 × 4 min. There are fewer studies about the 10 × 1 min HIIT protocol than those on the 4 × 4 min protocol. The duration of 1 min at 89% (80%-104%) PPO[51]　might be rather short because the target heart rate cannot be attained within that time.
RCTs that compare the superiority of multiple different HIIT protocols in improving aerobic and metabolic parameters are limited[52,53]. Thus, researchers tend to select the protocol based on their experience, or they modify the exercise parameters (work and rest time). The effects of varying interval training intensities on the 40-km time-trial performance of trained cyclists were evaluated in a single study by Stepto et al[53], in which well-trained male cyclists were randomly assigned to 1 of 5 groups with different HIIT protocols (12 × 30 s at 175% PPO, 12 × 1 min at 100% PPO, 12 × 2 min at 90% PPO, 8 × 4 min at 85% PPO, and 4 × 8 min at 80% PPO). The cyclists completed 6 HIIT sessions over a 3-week period in addition to their habitual aerobic base training. The groups that followed the 12 × 30 s and 4 × 8 min protocols showed better improvement with respect to speed.

Unique HIIT protocols
The aim of recent exercise trends is to obtain benefits with the lowest and shortest workload.
Several groups have tried to establish shorter protocols in HIIT and SIT. These seem to be beneficial to the physical structure and fitness even in targets with lifestyle-related diseases, old age, or cardiac disorders. To overcome the criticisms of the 4 × 4 min protocol, a couple of finely tuned HIIT protocols, in which the frequency, workload, and work duration are initially set at low levels and altered during the training course, have been reported by several researchers[15,54-57].

Matsuo et al[15]: The Japanese high-intensity interval aerobic training (J-HIAT) program: 3 sets of 2–3-min cycling at vigorous intensity (first and second sets: 3 min at 85%-90% VO2peak, third set: 3 min at 80%-85% VO2max) with 2-min active rest at 50%VO2peak between each set (healthy, sedentary young 20–30-year-old adults)[15]. This protocol was developed to control energy expenditure for astronauts participating in long-term space missions.

Osuka et al[58]: The elderly Japanese male version of high-intensity interval aerobic training (EJ-HIAT): 3 sets of 2–3 min cycling at 75%-85% VO2peak (first set: 3 min at 85% VO2peak, second set: 2 min at 80% VO2peak, and third set: 2 min at 75% VO2peak) with 1–2-min active rest at 50% VO2peak (first set: 2 min, second set: 1 min) (60–69-year-old sedentary elderly men; mean age, 67.6 ± 1.8 years). A gradually decreasing load was planned for 2-3 wk, aiming at the protocol described above. A significant aerobic and metabolic response was attained by the shorter protocol than the 4 × 4 min protocol with a completion rate of 100%.

Alvarez et al[54,55]: During all training sessions, patients were instructed by the exercise specialists to jog/run and walk at a steady pace, which should be controlled by maintaining a score of 15–17 (jogging/running) and < 9 (walking) in the 15-point rating of perceived exertion scale. The goal was to reach 90%-100% and 70% of their predicted reserve heart rate at the end of the jogging/running and walking intervals, respectively. The progressive HIIT protocol started (1–2 wk) with 8 jogging/running intervals of approximately 30 s interspersed with approximately 120 s of low-intensity walking. To promote sufficient workloads for eliciting improvements throughout the 12-wk follow-up, there was a 7%-10% increase in the high-intensity interval duration and a 4% decrease in the recovery interval duration every 2 wk. There was also an increase of 2 exercise intervals every 4 wk of follow-up. The total workout duration increased from 4 to 13.5 min (weeks 1–16). The total recovery duration ranged from 18 to 24 min (weeks 1–16). The number of intervals ranged from 8 to 14 (weeks 1–16). The exercise duration ranged from 30 to 58 s. The target subjects were overweight/obese adult women aged 35–55 years with type 2 diabetes (T2D).

SIT
Classic SIT (Wingate test)
Because SIT is the highest-intensity workout program that needs an intensity more than the VO2peak, the protocol is characterized by a short duration (30 s workout), followed by a long complete rest (2-5 min). This causes acute hemodynamic changes, such as abrupt blood pressure and heart rate increases, which may lead to a disruption of plaque and visceral organ ischemia by blood flow redistribution. Thus, SIT should be adapted only for young sedentary/recreationally active subjects but not for patients with hypertension, chronic kidney disease, and CVDs under the classic SIT protocol. Allemeier et al[59] demonstrated that VO2max can be improved by approximately 14% by as little as three repeated Wingate sprints per training session. The classic SIT protocol incorporating up to six repeated 30-s Wingate sprints was first used in a study by Barnett et al[60], who reported an 8% increase in VO2max and a 42% increase in maximal citrate synthase activity after 8 wk of SIT. This protocol was subsequently used by Gibala’s group with minor modification, to investigate the aerobic adaptation associated with classic SIT[[36,37]. Although classic Wingate protocols[31] use “4-6” repeated 30-s sprints, none of the studies provided a specific justification for the use of this method. Thus far, no studies have attempted to justify the 4-6 × 30 s Wingate sprints as an optimal SIT protocol[61].
The effects of 8-10 × 30-s Wingate sprints in the 1980s and 1990s included the following wide-ranging parameters: maximal glycolytic and mitochondrial enzyme activity[62,63], purine metabolism[64], pulmonary and muscle gas exchange[65], muscle metabolism and ion regulation[66], muscle buffering capacity[67], erythrocyte characteristics[68], and improvement of VO2max[63,65,66,68].

Concept of “low-volume/shorter” SIT for adaptation to a wide range of sedentary/recreationally active people
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]It has been consistently shown that a single 30-s Wingate sprint can reduce muscle glycogen stores in the vastus lateralis by 20%-30%[61,69-72]. What is intriguing, however, is that glycogenolysis is only activated during the first 15 s of the sprint and is then strongly attenuated during the final 15 s[72]. Moreover, activation of glycogenolysis is inhibited in subsequent repeated sprints[72]. This suggests that the classic SIT (4-6 repeated 30-s Wingate sprints) may be unnecessarily strenuous, as similar glycogen depletion may be achieved with 1–2 sprints of a shorter duration (15-20 s)[61,73,74]. In turn, this would make the training sessions more time efficient, less strenuous, and more applicable to the sedentary general population. Hazell et al[75] directly compared the impact of reducing the sprint duration in the classic SIT protocol from 30 s to 10 s, and reported similar increases in VO2max with the 10-s protocol. Similarly, Zelt et al[76] reported no significant difference in the VO2max response to the classic SIT protocol with 30-s sprints (4%) and a modified protocol with 15-s sprints (8%). Similar to a reduction in the sprint duration, a reduction in the number of sprint repetitions was evaluated in two studies. Allemeier et al[59] and Ijichi et al[16] demonstrated robust improvements in VO2max after a protocol involving three repeated 30-s Wingate sprints. The protocol in these two studies had longer passing interval durations of 20 and 10 min, respectively.
One possible alternative strategy could be to define the minimum volume of exercise required to improve health indices with the aim of increasing exercise adherence. Vollaard et al[77] reviewed SIT protocols with the shortest duration and least amount of work. They also constructed a modified SIT aiming for the most time-efficient and effective protocol with high adherence for sedentary subjects and diabetic patients[61,74,78]. To date, this training protocol, named reduced-exertion HIIT (REHIT) (10-min SIT sessions, 3 sessions a week for 6 wk, involving only two 20-s Wingate sprints), represents the smallest volume of exercise (when considered per session) that has been shown to induce positive effects on health. This protocol was sufficient to improve VO2max by 10%-13%[61,74]. Vollaard et al[77]also found that after performing only two maximal sprint intervals, each additional sprint in a training session reduced the overall improvement in fitness by around 5%. It is important to remember that these findings are only applicable to supramaximal exercise, which requires specialized exercise bikes that enable extremely high intensity exercise. This result might raise questions about the previously held “common sense” idea that performing more repetitions of high-intensity exercise would produce greater improvements in cardiorespiratory fitness. Ruffino et al[78] compared the effects of REHIT and moderate-intensity walking on health markers in patients with T2D in a counterbalanced crossover study. Sixteen men with T2D (mean age: 55  5 years) completed 8 wk of REHIT and 8 wk of moderate-intensity walking (five 30-min sessions/wk at an intensity corresponding to 40%-55% of the heart rate reserve), with a 2-mo washout period between interventions. They concluded that REHIT was superior to a 5-fold larger volume of moderate-intensity walking in improving aerobic fitness but had a similar result in terms of improving insulin sensitivity or glycemic control in patients with T2D in the short term. In studies evaluating REHIT, subjects with age > 60 years, uncontrolled hypertension, liver dysfunction, and renal dysfunction were excluded. Although evidence for patients with these comorbidities are lacking, the REHIT protocol might have a potential application for patients with some lifestyle-related diseases if careful attention is paid to hemodynamic changes, especially blood pressure spikes.

FEASIBILITY OF AND LIMITATIONS IN ADOPTING HIIT AND SIT FOR SEDENTARY/OBESE/ELDERLY/DISEASED SUBJECTS
HIIT
Even in exercise training with submaximal aerobic HIIT, adequate adherence to the target intensity and frequency was not achieved in multicenter RCTs[8,45,49]. Another clear limitation is the large dropout rate during follow-up after the supervised exercise period[79]. HIIT has been accepted for patients with cardiac diseases, as shown in the protocols in Table 4. Although the target heart rate was as high as 90%-95% of the peak heart rate, the intensity was calculated from an individual’s peak heart rate, and these aerobic HIIT protocols could be utilized for a wide range of targets subjects including the elderly and patients with diseases.

SIT
The tolerability and adherence of SIT for non-athletes and sedentary people is low.
The target subjects in previous studies on SIT include young people who are healthy and/or recreationally active. The number of subjects in each study was very small, and there might be bias in the selection of study subjects. It was possible that subjects who have no or little experience in sports/exercise training, irrespective of age, may have had difficulties in performing the all-out exercises. In this regard, REHIT may widen the target subjects owing to its smallest volume of exercise among the available protocols. Furthermore, it can be adapted for all age groups of sedentary, recreationally active, and of course highly trained people, but not in those who are sedentary, aged > 60 years, and with CVD (personal communication with Dr. Vollaard).

POTENTIAL RISKS OF THE HIIT AND SIT PROTOCOLS
HIIT
Previously reported studies on HIIT had small numbers of subjects and contained limited reference about the safety and injury risk of this training protocol in the general population. A Norwegian group observed only two knee injuries in extremely overweight patients[21]. Levinger et al[80] published a systematic review about adverse events during or immediately after HIIT. They found that the incidence of adverse responses during or 24 h after HIIT, as acute responses to a single session of HIIT, in patients with cardiometabolic diseases was around 8%, which was somewhat higher than the previously reported risk during MCT[80]. Rognmo et al[81] examined the risk of cardiovascular events during organized HIIT and MCT among 4846 patients with coronary heart disease in 3 Norwegian cardiac rehabilitation centers. In a total of 175820 exercise training hours, during which all patients performed both types of training, 1 fatal cardiac arrest during moderate-intensity exercise (129456 exercise hours) and 2 nonfatal cardiac arrests during HIIT (46364 exercise hours) were reported. No myocardial infarctions were reported. They concluded that the risk of a cardiovascular event was low after both HIIT and MCT in a cardiovascular rehabilitation setting[81].

SIT and low-dose/shorter SIT
Systematic reviews on the safety and injury risk of SIT are very limited. Supramaximal sprints used in protocols such as the Wingate protocol are associated with a short but sharp increase in blood pressure as well as an increase in blood flow, which could pose a risk of dislodging unstable plaques. Redistribution of blood flow (increased flow in muscle followed by decreased flow in visceral organs) might pose a risk to patients with CVD and chronic kidney disease. However, SIT or shorter/low-dose SIT has been adopted only in healthy, sedentary, and usually young people. For these subjects, the cardiovascular risk could be very low because the incidence of hypertension and/or atheroscrelotic disease is low. For individuals with lifestyle-related diseases and/or CVD, the potential risk of the SIT/REHIT protocol has not been evaluated. Thus, currently, it should not be adopted for these individuals. Ruffino et al[78] investigated REHIT for patients with T2D, and neither risk nor cardiovascular event was reported.

INTRODUCTION OF THE OPTIMAL INTENSITY/DOSE OF ACTIVITY IN DAILY LIFE: PERSONAL ACTIVITY INDEX
Other than supervised exercise training using sophisticated exercise protocols, non-supervised daily training and activity could also be useful to improve aerobic capacity. For activity counseling and promotion of physical activity, providing some feedback to individuals with personalized and meaningful information would be beneficial to motivate them to increase or maintain their physical activity[73,82]. Goals such as “10000 steps per day” or “30 min of activity per day,” which are the same for all people, are easily understandable but do not reflect the body’s response to each activity. The goal “10000 steps” has a different meaning for each individual [e.g., what speed, where (uphill or downhill)]. The most personalized, accurate way to track and measure the body’s response to activity is by monitoring the heart rate. Changes in heart rate reflect the body’s response to physical activity regardless of the activity type. Because there has never been a simple way to convert heart rate to a metric, Nes et al[83] developed a new single metric called the Personalized Activity Index (PAI). PAI can be integrated in self-assessment heart rate devices and defines a weekly beneficial heart rate pattern during physical activity. Furthermore, PAI could translate into reduced long-term risk of premature CVD and all-cause mortality, according to the epidemiologic study (HUNT)[83-85] performed in Nord-Trøndelag county in Norway, which analyzed a large, apparently healthy, general population cohort (n = 29950, aged  20 years). Obtaining a score of  100 weekly PAI has been shown to reduce the risk of premature CVD death in healthy subjects as well as in individuals with known CVD risk factors, regardless of whether or not the current physical activity recommendations were met[86]. PAI could inform potential users of how much physical activity is needed to reduce the risk of premature CVD death[83]. PAI users could also identify know the exercise intensity and time of exercise that are effective and efficient for appropriate exercise/physical activity according to their own daily experience followed by feedback. For example, exercising at very vigorous intensities may yield high PAI scores and higher VO2peak, even with considerably lower total exercise time than expressed in the current recommendations[84]. As a simple pattern, exercise once a week is also effective[85] if the exercise intensity is enough to improve VO2peak.

WORKING MECHANISMS OF HIIT AND SIT
The mechanisms involved in the superiority of HIIT to MCT have not been clearly elucidated. However, there are several potential mechanisms[48] (Figure 2). The first reason for the improvement in the aerobic capacity with HIIT can be explained by the following intracellular signaling sequence[87]: muscular stimulus by HIIT → increase in 5’-AMP-activated protein kinase (AMPK) activity in muscle cells → increase in peroxisome proliferator activated receptor-γcoactivator-1α (PGC-1α) mRNA and protein → increase in the mRNA and protein expression of the mitochondrial oxygenation enzyme → improvement in physical fitness (aerobic capacity)[88]. Secondly, it is reasonable to speculate that the higher shear stress in HIIT during exercise bouts may trigger greater responses at the cellular and molecular levels, leading to a partial recovery from endothelial dysfunction. Thirdly, Hanssen et al[89]recently reported another potential reason for the benefits of HIIT; they reported the acute effects of interval versus continuous-endurance training on pulse wave reflection in healthy young men. Although initially higher after HIIT, the augmentation index at a set heart rate declined in the 24-h follow-up period, indicating favorable effects on pulse-wave reflection compared with that after MCT. The possible mechanism of the REHIT protocol using two (but not three or more) repeated bouts of supramaximal 20-s workout was proposed by Vollaard et al[77,90]. The adaptations to SIT for VO2max may be peripheral in origin owing to improved skeletal muscle oxygen extraction because of mitochondrial density[77]. Vollaard et al[77]proposed that both increased blood volume and increased mitochondrial density could plausibly be explained by the rapid glycogen depletion associated with supramaximal exercise[73]. Glycogen breakdown during repeated supramaximal sprints has been shown to be completely attenuated by the time of the third sprint. Thus, it is plausible, according to the two speculated mechanisms[77,90] below, that performing only two repeated supramaximal sprints is sufficient to saturate the adaptive response.
The first mechanism is as follows: maximal rates of glycogenolysis in the initial 15s of a supramaximal sprint → accumulation of metabolic derivatives → hypertonic intramyocellular environment → influx of water to the myocardium → transient approximately 15%-20% drop in plasma volume within a time span of only a few minutes. This severe disturbance of circulatory homeostasis could be a stimulus for the body to increase blood volume in response to repeated SIT sessions.
The second mechanism is as follows: glycogenolysis → release and activation of glycogen-bound AMPK[91] → downstream signaling pathway involving PGC-1α → increased mitochondrial density.

FUTURE PERSPECTIVES
More studies are warranted to establish the most efficient protocol for each target subject according to clinical characteristics and fitness level, to improve aerobic capacity and to establish higher adherence. Thus far, aerobic HIIT (submaximal intensity) could be feasible and has a low risk for people with lifestyle-related diseases, obesity, sedentary lifestyle, old age, or cardiac disorders when performed, at their own individual intensity. In contrast, classic SIT (supramaximal) is applicable only for healthy young people. A smaller-dose and shorter SIT such as the 2 × 20s protocol (REHIT) could be utilized for sedentary young/middle-aged targets. The feasibility and safety of REHIT for elderly and sedentary people, patients with stable ischemic heart disease and CHF, and patients with chronic kidney disease have not been evaluated. Figure 3 shows a personal proposal of HIIT protocols for target people stratified by age, exercise habits, and cardiovascular disease. Although the increased application of HIIT in the health and medical fields is expected, its feasibility and safety should be further evaluated in the near future. 
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[image: ] Figure 1 Schema of high-intensity interval training (HIIT) protocols. Adapted from Ito S. EC Cardiology 6.3 (2019): 196-200. HIIT is classified into two types: submaximal aerobic HIIT and all-out anaerobic HIIT [sprint interval training (SIT)]. Reduced-exertion HIIT (REHIT) is a low-dose and shorter SIT that is modified from SIT but is still an all-out anaerobic exercise. 4 × 4 min HIIT: four 4-min intervals at 90%-95% of maximal heart rate separated by 3-min active recovery periods of moderate intensity at 60%-70% of the maximal heart rate. Classic SIT: repeated (6-8) all-out bouts at vigorous intensity ~350% of VO2peak of short duration (30 s) followed by a long complete rest (2-5 min). REHIT: 10-min cycling session at 25 W interspersed with 1 (first session) or 2 (all remaining sessions) Wingate-type cycle-sprints against a constant torque of 0.65 Nm・kg lean mass−1. Sprints last 10 s in sessions 1-4, 15 s in sessions 5-12, and 20 s in the remaining 12 sessions.


[image: ] Figure 2 Graphic representation of beneficial cardiovascular and metabolic effects and relevant mechanisms activated by high-intensity interval training. Glycolysis of glycogen granules in the skeletal muscle, catecholamine release, increased shear stress in the vessels, and increased autonomic nerve activity by HIIT are related to increased aerobic and metabolic capacities. Activity in skeletal muscle cells and arteries are increased during HIIT. The decrease in glycogen content by glycolysis results in the release of the AMP-activated protein kinase (AMPK) from the glycogen particle, resulting in greater activity and altered localization. In addition, exercise in a low-glycogen state after glycolysis leads to the phosphorylation and activation of peroxisome proliferator-activated receptor γ coactivator 1-α (PGC-1α). Finally, the osmotic stress associated with a rapid change in glycogen content and increased glucose concentration can activate mitogen-activated protein kinases (MAPKs) such as p38, which can phosphorylate and activate PGC-1. Another target of p38 is interleukin 6 (IL-6), which targets AMPK as one of the potential targets. These alterations in muscle signaling also result in improved circulating fatty acid (FA) utilization. The increased catecholamine level promotes an increase in fat metabolism by activating heat shock protein through protein kinase A. An additional cellular target of catecholamine is the cAMP response element-binding protein (CREB). HIIT can increase the phosphorylation and activation of CREB in both exercised muscle and muscles that were not recruited during the exercise due to the central effects of elevated central nervous system activity. One of the targets of CREB is PGC-1α. An increase in PGC-1α mRNA and protein with co-activation of the transcription factor results in the increase in the mRNA and protein of the mitochondrial oxygenation enzyme, and finally, improvements in physical fitness (aerobic capacity). HIIT increases cardiac output, leading to shear stress in arteries and resulting in improvements in endothelial function and pulse wave reflection potentially through endothelial microparticles.
ACC: Acetyl CoA carboxylase; AMPK: AMP-activated protein kinase; CREB: cAMP response element-binding protein; HIIT: High-intensity interval training; IL-6: Interleukin 6; MAPK: Mitogen-activated protein kinases; PGC1α: Peroxisome proliferator-activated receptor γ coactivator 1-α; TF: Transcription factor.



[image: ] Figure 3 Personal proposal of high-intensity interval training (HIIT) protocols for target people stratified by age, exercise habits, and cardiovascular disease. 4 × 4 min HIIT: Can be adopted for all subjects, with the intensity maintained at 85%-95% of an individual ’s peak heart rate. Classic sprint interval training (SIT): The feasibility and safety of this protocol for patients complicated with cardiovascular disease have not been evaluated. Reduced-exertion HIIT (REHIT): Its feasibility and safety for patients complicated with cardiovascular disease have not been evaluated. Because REHIT is much less strenuous than classic SIT, future research on this protocol is expected for patients with stable cardiovascular diseases besides high-risk patients, such as those with refractory hypertension and coronary heart disease with atherosclerotic plaque.
〇: adaptable for all target subjects; △: potentially adaptable for target subjects without risk; ×: should be prohibited for all target subjects.


Table 1 Variables improved by high-intensity interval training
	Variables
	Target

	Skeletal muscle biopsy
	

	PGC-1α
	

	Mitochondrial function in lateral vastus
	O2 consumption

	Fatty acid transporter in the vastus lateralis and FAS (a key lipogenic enzyme) 
	

	IR β subunit in skeletal muscle (peripheral insulin sensitivity) 
	Metabolic

	Re-uptake of Ca2+ into the salcoplasmic reticulum
	

	Physiological test
	

	Exercise test
	

	Improvement of ventilatory efficiency (increased value of PETCO2) 
	Respiratory function

	Oxygen consumption at the first ventilator threshold
	Cardiac function

	Oxygen pulse
	Cardiac function

	Parasympathetic activity (HR recovery) 
	Autonomic function

	Duration of exercise time
	Autonomic function

	Distance walked during the 6-min walk
	Work capacity

	Ultrasonography
	

	Cardiac function
	　

	Reversed LV re-modelling (LV end diastolic and systolic volumes) 
	Cardiac function

	Ea
	　

	Diastolic function (e′, E, E/ e′, E/A ratio, higher proportion of e′ > 8 cm/s, E improvement during exercise),
	　

	Systolic function after 12 wk at rest and during exercise) 
	　

	E reduction
	　

	Deceleration time increase
	　

	Left atrial volume
	　

	Reduced-plasma BNP
	　

	Vascular 
	　

	Endothelial dysfunction (FMD)
	Vascular function

	Coronary plaque necrotic core reduction in defined coronary segments
	Vascular function

	Laboratory test
	

	Myeloperoxidase
	Anti-oxidant

	High sensitivity CRP
	Inflammation

	Interleukin-6 
	

	insulin sensitivity (HOMA index)　 
	Metabolic

	HbA1C
	

	Clinico-social data
	　

	Increased Short Form-36 physical/mental component scores and decreased Minnesota Living with Heart Failure questionnaire score 
	Quality of life

	Frequency of metabolic syndrome
	Risk factor


HOMA: Homoestasis model assessment; IR: Insulin receptor; PGC: Peroxisome-proliferator activated receptor γcoactivator; FMD: Flow mediated dilation; FAS: Fatty acid synthase; PETCO2: End-tidal carbon dioxide; HR: Heart rate; LV: Left ventricular; BNP: Brain natriuretic peptide.


Table 2 Mode, Intensity, and VO2peak increment in High-Intensity Interval Training versus Moderate-Intensity Continuous Training in Randomized Controlled Trials (coronary artery disease)
	Study
	Published yr
	Sample
	n
	HIIT
	MCT
	Duration
	Mode
	VO2peak pre
	VO2peak %increase

	
	
	
	
	
	
	
	
	HIIT
	MCT
	HIIT (%)
	MCT (%)

	1 Rognmo et al[28]
	2004
	CAD
	17 (HIIT = 8)
	3 d/wk 4x4 min@80%-90%VO2peak total 33min
	3 d/wk 41 min@50%-60%VO2peak isoload to HIIT
	10 wk
	TM
	31.8
	32.1
	17.9a
	7.9

	2 Warburton et al[41]
	2005
	CAD (previous CABG or AP)
	14 (HIIT = 7)
	2 d/wk, 2 min@90%VO2R, 2 min recovery, 30 min total
	2 d/wk 30 min @65%VO2R, average training volume similar to HIIT 
	16 wk
	TM etc1 
	22
	21
	31.8a
	9.5

	3 Tjønna et al[21]
	2008
	Metabolic syndrome
	28 (HIIT = 9)
	3 d/wk 4 × 4 min@90%HRmax, 3 min active recovery @70% HRmax 40 min total
	3 d/wk 47 min @70% HRmax, equalized training volume
	16 wk
	TM
	33.6
	36
	35a
	16

	4 Moholdt et al[43]
	2009
	post CABG
	59 (HIIT = 28)
	5 d/wk 4 × 4 min@90%HRpeak, 3 min recovery
	5 d/wk 46 min + Aerobic group exercise, iso energic to HIIT
	4 wk
	TM
	27.1
	26.2
	12.1
	8.8

	5 Moholdt et al[40]
	2011
	post MI
	89 (HIIT = 30)
	2 d/wk 4 × 4 min@85%-95%HRpeak, 3 min recovery
	2 d/wk 60 min@58%PPO
	12 wk
	TM1
	31.6
	32.2
	14.6a
	7.8

	6 Rocco et al[23]
	2012
	CAD
	37 (HIIT = 17)
	3 d/wk 7 × 3 min@RCP, 7×3 min recovery@VAT total 42 min
	3 d/wk 50 min@VAT
	3 mo
	TM
	18
	17.9
	23.3
	24.6

	7 Currie et al[51]
	2013
	recent event CAD post PCI, CABG, etc
	22 (HIIT = 11)
	2 d/wk 10 × 1 min@89% (80%-104%) PPO, 1 min recovery@10%PPO, 1 d/wk home-based@similar intensity
	2 d/wk 30-50 min@58%PPO, 1 d/wk home-based@similar intensity not isocaloric
	12 wk
	bike
	19.8
	18.7
	24
	19

	8 Keteyian et al[38]
	2014
	Stable CAD (post MI CABG and/or PCI)
	28 (HIIT = 15)
	3 d/wk 4 × 4 min@80%-90%HHR
	3 d/wk 30 min@60%-70%HRR
	10 wk
	TM
	22.4
	21.8
	16a
	8

	9 Madssen et al[39]
	2014
	CAD with stents
	36 (HIIT = 16)
	3 d/wk 4 × 4 min@85%-95%HRpeak, 3 min active recovery@70%HRpeak
	3 d/wk 46 min@ 70%HRmax, isocaloric
	12 wk
	TM
	31.2
	29.8
	10.6a
	6.7

	10 Conraads et al[19]
	2015
	CAD
	173 (HIIT = 85)
	3 d/wk 4 × 4 min@90%-95%HRpeak, 3 min active recovery
	3 d/wk 37 min@ 70%-75%%HRmax
	12 wk
	bike
	23.5
	22.2
	22.7
	20.3



Adapted from Ito S et al. Internal Medicine. 2016; 55: 2329-2336.
a in VO2peak % increase raw: There is significant difference in % increase of VO2peak between HIIT and MCT. 4 × 4 min means 4 × 4 min intervals per one HIIT training session. Study 2: a data shown is VO2 at anaerobic threshold. Data is shown in figure without exact value at VO2peak (30+ in HIIT 30 in MCT)., and %increase at peak exercise is similar. TM etc1 means TM or stair climber,or, upper leg ergometer. Study 4: There was no difference at 4 wk: Increase of VO2peak between 4 wk and 6 mo was significant within HIIT and between HIIT and MCT. The participant attended additional sessions with various intensity at the center with their choice. Exercise was performed at center for 4 wk and at home for 6 mo. Study 5: TM1 means TM or aerobic exercise.
AP: Angina pectoris; bike: Cycle ergometer; Cont: Continuous; CABG: Coronary artery bypass graft; CAD: Coronary artery disease; TM: Treadmill; HIIT: High-intensity interval training; HRpeak: Peak heart rate; HRR: Heart rate reserve; MCT: Moderate-intensity continuous training; PPO: Peak power output; RCP: Respiratory compensation point; VAT: Ventilator anaerobic threshold; VO2R: VO2 reserve; WRp: Peak work rate.


Table 3 Mode, Intensity, and VO2peak increment in High-Intensity Interval Training versus Moderate-Intensity Continuous Training (congestive heart failure or diastolic dysfunction) in Randomized
	Study
	Published yr
	Sample
	n
	HIIT
	MCT
	Duration
	Mode
	VO2peak pre
	VO2peak %increase

	
	
	
	
	
	
	
	
	HIIT
	MCT
	HIIT (%)
	MCT (%)

	1 Dimopoulos et al[24]
	2006
	CHF
	24 (HIIT = 10)
	3 d/wk, 30 seconds@100% WRp, 30 s rest
	3 d/wk, 40 mins@50%WRp
	36 sessions
	bike
	15.4
	15.5
	7.8
	5.8

	2 Wisloff et al[22]
	2007
	CHF, Post MI
	27 (HIIT = 9)
	3 d (2 d supervised)/wk 4 × 4 min @90%-95%HRpeak, 3 min active recovery 50%-70% HRpeak, total 38 min
	3 d (2 d supervised)/wk, 47 min@70%-75% HRpeak, isoload to HIIT
	12 wk
	TM
	13
	13
	46a
	14

	3. Roditis et al[46]
	2007
	CHF
	21 (HIIT = 11)
	3 d/wk 30 secc@WRpeak 30 s rest, total of 40 min
	3 d/wk 40 min@50%WRpeak, equal to total work of HIIT
	36 sessions
	bike
	14.2
	15.3
	8.5
	8.5

	4 Smart et al[47]
	2012
	CHF (LVEF< 35%)
	20 (HIIT = 10)
	3 d/wk 30 × 1 min @70%VO2peak, 1 min recovery
	3 d/wk 30 min@70%VO2peak, same absolute volume of work
	16 wk
	bike
	12.2
	12.4
	21
	13

	5 Freyssin et al[26]
	2012
	CHF (LVEF< 40%)
	26 (HIIT = 12)
	5 d/wk 12 × 30 sec@50% (4 wk) + 80% (4 wk) of maximum powerb 1 min @ complete rest
	5 d/wk 45 min@HRVT1c
	8 wk
	Bike (HIIT), bike + TM (MCT)
	10.7
	10.8
	27.1a
	1.9

	6 Fu et al[44]
	2013
	CHF (LVEF≦40%)　NYHA II, III
	45 (HIIT = 15)
	3 d/wk 5 × 3 min@80%VO2peak 3 min recovery@40% VO2peak
	3 d/wk 60 min @60%VO2peak, isoload to Int
	12 wk
	bike
	16
	15.9
	22.5b
	0.6

	7 Iellamo et al
	2013
	CHF with OMI (LVEF< 40%)
	20 (HIIT = 10)
	2-5 d/wk 2-4 × 4 min@75%-80%HRR, 3 min active pause walk@45%-50%HRR
	2-5 d/wk 30-45 min @45%-60%HRR, equated training load (TRIMPi)
	12 wk
	TM
	18.7
	18.4
	8 22
	4 22

	8 Hollekim-Strand et al[20]
	2014
	diastolic dysfunction with Diabetes mellitus
	37 (HIIT = 20)
	3 d/wk 4 × 4 min @90%-95%HRpeak, total 40 min
	Current guideline 10 min/bout 210 min/wk)
	12 wk, Home-based thereafter
	unknown
	31.5
	33.2
	13.0a
	3.6

	9 Angadi et al[25]
	2015
	CHF with preserved EF
	15 (HIIT = 9)
	3 d/wk 4 × 4 min @85%-90%HRpeak, 3 min active recovery
	3 d/wk 30 min@70%HRpeak
	4 wk
	　
	19.2
	16.9
	9.4a
	0

	10 Ellingsen et al[45]
	SMARTex-HF, 2017
	Stable CHF (NYHA2-3) EF≦35%
	200 (3 arms) (HIIT=77)
	25 sessions 4 × 4 min@90%-95% HRpeak, 3 min active recovery 50%-70% HRpeak total 38 min
	25 sessions, 47 min@60-70%HRpeak
	12 wk
	bike or TM
	0.9
	1.1
	5.4
	6.8

	11 Suchy C et al
	OptimEX-CLIN, Ongoing
	HFpEF
	180 (HIIT 60)
	3 d/wk 4 × 4 min@ 90%-95% HR peak, 3 min active recovery 50%-70% HRpeak, total 38 min
	5 d/wk 40 min@60%-70%HRpeak
	3, 12 mo, home-based after 3 mo
	bike
	?
	?
	?
	?




Controlled Trials Adapted from Ito S et al. Internal Medicine. 2016; 55: 2329-2336.
a in pre VO2peak % increase raw: There is significant difference in % increase of VO2peak between HIIT and MCT. Study 5: b each training session consisted of 3 series (12 repetitions of 30 s of exercises, separated by 5 minutes of rest); c half of the MCT was on a treadmill and half on a bike. Study 6: b pre versus post (not between groups). Study 7: Study hypothesis is similar adaptation in HIIT and MCT. Study 9: a evaluated by standardized effect size (d = 0.94)
Bike: Cycle ergometer; CAD: Coronary artery disease; CHF: Congestive heart failure; EF: Ejection fraction; HRpeak: Peak heart rate; HIIT: High intensity interval training; HRVT1: Heart rate at the first ventilator threshold; HRR: Heart rate reserve; LVEF: Left ventricular ejection fraction; MCT: Moderate-intensity continuous training; MI: Myocardial infarction; min, minute; NYHA: New York Heart Association; RCP: Respiratory compensation point; VAT: Ventilator anaerobic threshold; PPO: Peak power output; TM: Treadmill; VO2R: VO2 reserve; VT1: First ventilator threshold; WRp: Peak work rate.


Table 4 High-intensity interval training (HIIT) protocol and superiority of HIIT to moderate-intensity continuous training in VO2peak improvement
	
	Protocol
	No. of study
	More improvement of VO2peak in HIIT than in MCT

	Coronary artery disease
	10 × 1 min
	1
	0/1

	
	8 × 2 min
	1
	1/1

	
	7 × 3 min
	1
	0/1

	
	4 × 4 min
	7
	5/7 (70.2%)

	
	
	
	

	Chronic heart failure
	40 × 30 s
	3
	1/3

	
	30 × 1 min
	1
	0/1

	
	5 × 3 min
	1
	1/1

	
	4 × 4 min
	6
	3/4 (75%)

	
	
	
	56% (5/9) 2 studies ongoing


Randomized controlled trials comparing improvement of VO2peak after exercise between HIIT and MCT in patients with CAD or CHF are shown. The protocols of HIIT and incidence of superiority of HIIT to MCT in each protocol are shown. In both groups 4×4 min was most frequently used showing positive rate 70.2% in the coronary artery disease group and 75% in the chronic heart failure group. The other protocols with 30 s, 2 min, and 3 min exercise duration are also effective in the limited number of studies.
HIIT: High-intensity interval training; MCT: Moderate-intensity continuous training; CAD: Coronary artery disease; CHF: Chronic heart failure.
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