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Abstract

:

Engaging in regular exercise results in a range of physiological adaptations offering benefits for exercise capacity and health, independent of age, gender or the presence of chronic diseases. Accumulating evidence shows that lack of time is a major impediment to exercise, causing physical inactivity worldwide. This issue has resulted in momentum for interval training models known to elicit higher enjoyment and induce adaptations similar to or greater than moderate-intensity continuous training, despite a lower total exercise volume. Although there is no universal definition, high-intensity interval exercise is characterized by repeated short bursts of intense activity, performed with a “near maximal” or “all-out” effort corresponding to ≥90% of maximal oxygen uptake or >75% of maximal power, with periods of rest or low-intensity exercise. Research has indicated that high-intensity interval training induces numerous physiological adaptations that improve exercise capacity (maximal oxygen uptake, aerobic endurance, anaerobic capacity etc.) and metabolic health in both clinical and healthy (athletes, active and inactive individuals without any apparent disease or disorder) populations. In this paper, a brief history of high-intensity interval training is presented, based on the novel findings of some selected studies on exercise capacity and health, starting from the early 1920s to date. Further, an overview of the mechanisms underlying the physiological adaptations in response to high-intensity interval training is provided.
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1. Introduction


Exercise is a cornerstone in the primary prevention of chronic diseases including diabetes mellitus, cancer, obesity, hypertension, coronary heart disease, cardiovascular disease, and depression [1,2,3]. For centuries, exercise has long been prescribed by physicians as a medicine for their patients [4], and quotes attributed to Hippocrates, the father of Western medicine, include: “Walking is man’s best medicine” and “if there is a deficiency in food and exercise, the body will fall sick [5,6].” Evidence-based scientific guidelines suggest that exercise is a novel non-pharmacological strategy in the prevention and management of chronic diseases [7,8,9,10,11]. Despite these well-documented benefits of exercise, a third of adults and four-fifths of adolescents—approximately 1.4 billion people—do not meet public health guidelines for recommended levels of exercise [7], making physical inactivity a global problem [12]. The recently updated World Health Organization 2020 Guidelines on physical activity and sedentary behavior [13] recommend performing at least 150 to 300 min of moderate-intensity physical activity, or 75 to 150 min of vigorous-intensity aerobic exercise, per week to achieve substantial health benefits [14]. However, the lack of sufficient time is the most common barrier to adhering to regular exercise [15]. Therefore, research has recently focused on interval training models, which consist of brief periods of intense activity performed with a “near-maximal” or “all-out” effort corresponding to ≥90 of maximal oxygen uptake (   V ˙   O2max) [16] or >75% of maximal power [17], interspersed with passive or active recovery periods, that can induce similar or even greater physiological adaptations when compared to moderate-intensity continuous training (MICT) [17,18,19], which generally consists of 30–60 min of moderate-intensity exercise at 40% to <60% of oxygen consumption reserve [20,21]. There are numerous excellent reviews on the effects of interval training on exercise capacity and general health in healthy and clinic populations as well as the mechanisms underlying these effects [15,18,22,23,24]. However, to the best of our knowledge, no study to date has applied a historical approach. In this review, after defining the types of different interval-training models, the findings of some selected high-intensity interval-training studies that have received considerable interest due to their novel findings on exercise capacity and health, which can be considered milestone studies in the related literature, are presented. Finally, a brief overview of the mechanisms underlying the physiological adaptations in response to high-intensity interval training is presented.




2. Interval Training


Interval training is characterized by short bursts of intense activities that elicit ≥90% of    V ˙   O2max [16], >75% of maximal power [17] or supra-maximal effort [16,17,18], with periods of rest or low-intensity exercise for recovery. The most used types of interval training models are: (1) the high-intensity interval training (HIIT) model with submaximal efforts that elicit ≥90% of    V ˙   O2max [16] or >75% of maximal power [18,25]; (2) the sprint interval training (SIT) model, a more intense version of HIIT that involves maximal or supramaximal efforts greater than    V ˙   O2max or maximal power; and (3) the repeated-sprint training (RST) model, which is characterized by performing a high number of sprints lasting less than 10 s interspersed with relatively shorter recoveries (<60 s) compared to the recovery periods of SIT [26].



Interval training has been an integral part of training for coaches and athletes to enhance performance for over a century, and it has received considerable scientific inquiry due to its ability to induce remarkable physiological adaptations and health benefits that resemble MICT with less time commitment [27]. Besides, it should be noted that from a mechanistic standpoint, physiological adaptations elicited by interval training is not only attributable to intensity per se but also the intrinsic nature of the intermittent exercise.



It is well documented that HIIT provides a robust stimulus for central cardiovascular adaptations and metabolic stress [28], while MICT mainly triggers peripheral adaptations contributing to muscular oxygen extraction and metabolic efficiency [29,30,31]. HIIT is known to elicit higher enjoyment than MICT, as reported by original research [32] and meta-analysis [33], making the interval training model a practical and enjoyable exercise mode for the general population. Furthermore, a meta-analysis by Reljic et al. [34] reported that following HIIT-based interventions, there were lower dropout rates than traditional exercise programs in previously sedentary individuals, showing that HIIT is tolerable and acceptable. However, a single bout of high-intensity interval exercise performed at a strenuous intensity with a low resting period likely results in decreased enjoyment, and thus, adequate resting intervals between high-intensity sessions are essential in preventing negative affective responses for long-term exercise maintenance.



Due to its time-saving nature and the induced physiological adaptations similar to MICT, HIIT has been ranked first in 2018 [35] and third in 2019 in Worldwide Fitness Trends [36]. Growing evidence-based research, both original research and meta-analysis studies, shows that interval training programs ranging from 5 days to 12 months are effective in improving    V ˙   O2max [37], endurance capacity [38,39], resting metabolic rate [40], substrate metabolism [41,42], body composition [43], insulin sensitivity [44,45], and cognitive functions [46,47,48]. Besides, interval training has been shown to decrease the risk for cardiovascular diseases [15,25], breast cancer [49], metabolic syndrome [50], osteoarthritis [51,52], and rheumatoid arthritis known to cause lower back pain [53,54,55,56,57] (Figure 1). In the following subheadings, the definition, as well as health and performance benefits, of different interval trainings models are presented.



2.1. High-Intensity Interval Training


High-intensity interval exercise is characterized by relatively short bursts of vigorous activity performed at a high relative workload corresponding to ≥90% of    V ˙   O2max [16], >75% of maximal power [17], ≥90% minimal running speed required to elicit VO2max [16], and at a range of “hard” to “very hard” rate of perceived exertion (≥6 on a 10 Borg scale and ≥15 on a 6–20 scale) [16]. Each single effort generally lasts from a few seconds to several minutes, dependent on exercise intensity, with multiple efforts interspersed by up to a few minutes of rest or less exertion. Although some research has determined the exercise intensity of high-intensity work based on the HR in the absence of equipment and expertise for determining    V ˙   O2max [21,58], it is not consistently reliable due to the heterogeneous character of the heart rate (HR), such as people with cardiovascular disease, who can have an upward deflection of the HR performance curve [59]; using maximal HR (HRmax) for exercise intensity can result in an overestimation of the individual training HR up to 40% in single cases [60,61], and true HRmax can not be obtained in untrained subjects using incremental exercise tests on a treadmill or a cycle ergometer, because of local leg fatigue that is likely to cause tests to end prematurely before cardiopulmonary endpoints [62].



Despite having various sub-categories, HIIT is generally sub-categorized into low—less than 15 min—and high-volume (greater than 15 min) HIIT based on the total time spent in active intervals [63]. These HIIT protocols have been shown to lead to similar, and sometimes greater, health and performance benefits despite less time commitment [43,64,65,66,67]. Moreover, as highlighted by a recent review [63] and meta-analysis [43], it is evident that low-volume HIIT, involving less than 15 min of active high-intensity training per session, is a time-efficient exercise strategy to improve cardiometabolic health and cardiovascular endurance [63].



Inevitably, strong motivation is required due to the high-exertion nature of the classic interval training model, which is very fatiguing and too strenuous for sedentary individuals [19]. In addition, the total time commitment of classic HIIT protocols include warm-up, recovery intervals, and cool-down, which is typically more than 20 min and therefore reduces the time efficiency [64]. In this sense, the findings of studies involving low-volume protocols are promising to determine whether the levels of exertion and time-commitment of the current HIIT protocols can be reduced while maintaining the associated health and performance benefits.




2.2. Sprint Interval Training


SIT is a more intense form of HIIT performed at an intensity that exceeds the workload required to elicit    V ˙   O2max or maximal power. Each bout of high-intensity work lasts short periods of activity (≤30 s), separated by relatively long recovery periods between intervals (~4 min) [68]. The target exercise intensities during SIT are usually workloads greater than the pace that elicits    V ˙   O2max or maximal power, including ‘all-out’ or ‘supramaximal’ efforts [68]. The minimal intensities suggested for SIT are >100% of maximal power [17], ≥85% maximal sprinting speed, and ≥160% minimal running speed required to elicit VO2max [16]. The most used SIT protocol is performed on a cycle ergometer and consists of 4 × 30 s all-out maximal intervals, pedaling against a high force corresponding to approximately 170% of    V ˙   O2max with rest intervals or light exercise [69].



Ample evidence has shown that 2 and 6 weeks of SIT was effective in increasing skeletal muscle oxidative capacity and endurance capacity as well as inducing key molecules associated with mitochondrial biogenesis in healthy individuals [70,71,72], which was comparable to that observed after MICT, despite robust difference in training volume. Besides, some research has reported improved insulin sensitivity in young healthy men [45,73] and increased resting fat oxidation in overweight/obese individuals following 2 weeks [41], as well as reduced fat mass following 12 and 15 weeks of SIT in normal weight and overweight individuals [74,75]. However, it is worth noting that SIT requires maximal effort and may not be well-tolerated or appealing for many individuals, including people with chronic diseases or obesity in particular. Hence, although current findings seem interesting from the perspective of health and performance benefits, it would not be an easy translation into physical activity recommendations for the general population, suggesting the need for further research into SIT that can establish acceptable and effective protocols.




2.3. Repeated-Sprint Training


RST is characterized by performing repeated sprints (10–20 maximal or shuttle sprints lasting ≤10 s), interspersed with short recoveries (<60 s) [76,77]. The minimal intensity suggested for RST is ≥120% minimal running speed required to elicit VO2max [16]. This training model is widely utilized in the physical preparation of athletes for many sports [78,79,80]. The published literature is not, however, as abundant for RST studies as for SIT or HIIT. The SIT and HIIT models are repeatedly performed with recovery periods long enough to allow for near full recovery of sprint performance, whilst the recovery duration between repeated sprints during RST is minimal, thus there is inevitably performance decrement during RST. Research has shown that RST can improve endurance, sprint, repeated-sprint ability, and aerobic capacity in healthy and fit subjects [26,77]. A meta-analysis by Taylor et al. [81] reviewed controlled and non-controlled trials investigating the effect of RST on athletic-performance variables, including counter-movement jump, 10 m sprint, 20 m sprint, 30 m sprint, repeated-sprint ability, and high-intensity intermittent-running performance, and documented RST to be effective in improving power, speed, repeated-sprint ability, and endurance.





3. Effects of HIIT on Exercise Capacity and Health Based on Selected Studies


In this section, early attempts applying interval training and the main findings of selected HIIT studies are summarized. Since the early 2000s, the number of HIIT studies has gained momentum and increased exponentially. A quick search on PubMed now yields about 300 research articles per year containing “high-intensity interval training”, “sprint interval training”, “repeated sprint training” and “HIIT” in the title (Figure 2). Some HIIT studies to date have significantly contributed to the literature, by showing the physiological and molecular adaptations in response to high-intensity interval exercise intervention in healthy and clinical populations. The training studies included in this section are described in Table 1.



3.1. Most Early Attempts at Applying Interval Training Model


Despite the momentum in the number of studies indicating the effectiveness of HIIT in improving health and exercise performance over the last 20 years, it is well known that this training model dates back a hundred years and was the key strategy behind important sporting successes observed in the early 20th century [27]. During this early period, HIIT significantly evolved through the contributions of innovative athletes and trainers [27,51], such as Lauri Pikhala, who coached champion runners in Finland, including Hannes Kolehmainen and Paavo Nurmi. Paavo Nurmi was the world’s most successful distance runner between 1920 and 1930, earning his place in sporting history with nine Olympic gold medals; his training program mainly consisted of 20 × 60 s of high-intensity intervals, separated by short rest periods.



In the 1930s, a German physician and coach Woldemar Gerschler, together with cardiologist Herbert Reindel, designed a training model performed at a specific HR with rest periods. In this model, the athletes performed a short-distance run with a target HR of 180 beats/min, followed by a rest period until their HR decreased to 120 beats/min, before starting the next repetition [102]. As reviewed by Gibala and Hawley [102], Gerschler and Reindel proposed that the rest period between high-intensity bouts was the most important aspect of this training model, during which the heart adapted, allowing it to grow larger and stronger. This notion was supported by a study they conducted, in which 21 days of HIIT elicited a 20% increase in heart volume and improvement in the endurance capacity of middle- and long-distance runners [102]. Perhaps the most notable athletes in history to adopt the interval training model is Sir Roger Bannister, who first ran 1.6 km (1 mile) in less than 4 min. His training protocol involved 10 × 400 m of running under 60 s, separated by 2 min rest [102].




3.2. Studies on Exercise Capacity and Health in Healthy Populations


Although trainers and athletes have long known the effectiveness of interval training since the early 20th century, the effects of interval training models on human physiology did not get enough attention until the early 1960s [103]. In the following years, the effects of this type of exercise model on health and exercise performance gained popularity [82,83,95,104]. For example, in 1973, the Bengt Saltin group reported approximately 20% increase in    V ˙   O2max in young military conscripts following only 2 months of an interval training program consisting of 15 s exercise, followed by 15 s rest or 3 min exercise, followed by 3 min rest (3 times/wk) [82]. In 1975, Fox et al. reported [83] that the improvement in    V ˙   O2max in young healthy males was dependent on training intensity and attributed to increased stroke volume (SV) and arteriovenous oxygen difference (a-vO2 diff) following 7 and 13 weeks of interval training program performed on an indoor oval track. In 1976, Henriksson and Reitman aimed to reveal if the effects of HIIT with MICT on oxidative and glycolytic enzyme activities were muscle-fiber-specific [84]. To address this, nine young healthy subjects were divided into HIIT (5 × 4 min cycling at 101%    V ˙   O2max, separated by 2 min rest) or MICT (27 min of continuous cycling at 79%    V ˙   O2max) groups for 7–8 weeks [84]. The authors reported an increase in    V ˙   O2max and the type II-succinate-dehydrogenase activity only in the HIIT group, while the MICT group showed an average 32% increase in type I-succinate-dehydrogenase activity [84]. This paper showed that the enhancement of the    V ˙   O2max and the physiological adaptations observed in skeletal-muscle-fiber types following exercise were dependent on exercise intensity and fiber recruitment during exercise. Following these studies, Roberts et al. investigated in early 1980 the effects of HIIT on the anaerobic metabolism of skeletal muscle in young active males [85]. The training program consisted of eight 200 m runs at 90% of maximal speed with 2 min rest periods over 5 weeks [85]. They reported an improved anaerobic metabolism, as evidenced by the increased activities of key enzymes associated with glycogenolysis and anaerobic glycolysis in skeletal muscle [85], indicating that a short-term interval training program was a potent stimulus to improve anaerobic metabolism.



In 1986, Sharp et al. documented that 8 weeks of SIT involving 8 × 30 s all-out training (4 times/week) increased the buffering capacity and    V ˙   O2max by 37% and 8%, respectively, in young healthy men [86]. This paper was the first to show SIT increased muscle buffer capacity [86]. Furthermore, in 1996 Tabata et al. [87] compared the effects of 6 weeks of HIIT (8 × 20 s at 170% PPO, separated by 10 s rest, 5 days/week) and MICT (70%    V ˙   O2max, 60 min/day, 5 days/week) on both aerobic and anaerobic exercise capacity in active individuals. This novel research showed that despite the robust difference in time commitment between the exercise protocols administered (43 min/week versus 300 min/week), HIIT was more effective in simultaneously upregulating oxidative and glycolytic energy systems, in turn producing an improved energy state in the exercising muscle and preserving high-energy phosphates [87].



Following this study, interest in the potential value of different interval training models that could be applied as an alternative to traditional MICT gained momentum. For example, MacDougall et al. in 1998 reported an increase in    V ˙   O2max and glycolytic and oxidative enzyme activity, including citrate synthase (CS), succinate-dehydrogenase, and malate dehydrogenase, following 7 weeks of SIT involving 4 to 10 × 30 s all-out with 2 to 4 min of recovery (3 times/week) in young healthy men [89]. In 2006, a landmark study by Gibala et al. was published, which compared SIT with traditional MICT on exercise performance and skeletal-muscle adaptations [71]. Despite completing ~90% less total training volume (630 kJ vs. 6500 kJ), six sessions of SIT (30 s × 4–6 repeats) resulted in similar improvement in time trial performance to that observed following MICT [71]. Analyses of skeletal-muscle samples showed similar increases in muscle oxidative capacity, muscle buffering capacity, and glycogen content between the two groups [71]. The authors, therefore, concluded that SIT was a time-efficient strategy for rapid adaptations in exercise performance and skeletal muscle [71], showing SIT to be as effective as MICT in improving cardiorespiratory fitness, muscle buffering capacity, and glycogen content, despite less time commitment.



Notably, in 2007, Helgerud et al. compared four training methods in young healthy males (2 interval training versus 2 continuous training) performed at different intensities, matched for total work and frequency (3 days/week for 8 weeks) [90]. The interval groups performed either 15/15 interval running (15 s of running at 90–95% HRmax followed by 15 s of active resting at 70% HRmax) or 4 × 4 min of interval running at 90–95% HRmax followed by 3 min of active resting at 70% HRmax. The continuous training involved either slow long-distance running at 70% HRmax or lactate threshold running at 85% HRmax. The authors reported an increase in    V ˙   O2max and left ventricular SV in the two HIIT groups, but no changes in the continuous running groups [90]. The authors, therefore, concluded that HIIT was more effective in improving    V ˙   O2max and SV than performing the same total work at either lactate threshold or at 70% HRmax [90]. This paper revealed for the first time that increases in    V ˙   O2max in response to interval training corresponded with changes in SV, showing a close link between the two.



On the other hand, until a study by Little et al. [91], the majority of HIIT studies applied “all out” protocol that is not practical and is poorly tolerated by certain individuals; thus, there was a necessity to design a more practical and attainable protocol capable of inducing similar adaptations as classic HIIT models for the general population. To address this, in 2010, Little et al. [91] designed a practical model of low-volume high-intensity interval exercise (8 to 12 × 60 s intervals at ~100% of PPO, separated by 75 s of recovery) [91]. Similar to previous studies, they reported that performing this new training model over 2 weeks increased exercise capacity, as shown by improvements in cycling time trial performance [91]. Additionally, the protein content and maximal activity of CS and cytochrome C oxidase in skeletal muscle increased, together with the protein content of mitochondrial transcription factor A and sirtuin 1, as well as the nuclear abundance of peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1α) [91], which mediated skeletal-muscle mitochondrial adaptations. This is the first study to document that this new exercise model is a potent stimulus for improving endurance performance, skeletal muscle mitochondrial capacity, sirtuin 1, mitochondrial transcription factor A, and nuclear PGC-1α, which were previously reported to increase in response to the repeated SIT protocols of earlier studies [76,77,99,100].



The following years have witnessed some novel research involving mechanistic examinations carried out with muscle biopsies. These studies have allowed researchers to both investigate the effects of different types of interval training models on mitochondrial respiration and mitochondrial biogenesis as well as distinguish the effects of training volume and training intensity. For example, in 2016, one of these several HIIT studies by Granata et al. compared three different training methods on skeletal-muscle mitochondrial content and mitochondrial respiration: SIT (4–10 × 30 s all-out bouts at ~200% of PPO), HIIT (4–7 × 4 min intervals at ~90% PPO), or sub-lactate threshold continuous training (20–36 min at ~65% PPO)), performed 3 sessions/wk for 4 weeks [92]. Unlike previously published data, PPO improved in the HIIT and SIT groups, while the time trial performance only improved in sub-lactate threshold continuous training and HIIT groups, remaining unchanged after SIT [92]. Only SIT increased mass-specific mitochondrial respiration in skeletal muscle, as well as the protein content of PGC-1α, protein p53, and plant homeodomain finger-containing protein 20 [92], which modulate mitochondrial biogenesis [105]. The authors concluded that training intensity was an important factor that determines changes in mitochondrial respiration, suggesting that SIT promotes greater and faster mitochondrial adaptations in skeletal muscle. Further, an elegant follow-up study by the same group was conducted to ascertain how different training volumes would affect mitochondrial respiration and markers of mitochondrial biogenesis [93]. To address this, ten healthy men performed high-intensity interval cycling during 3 consecutive training phases, 4 weeks of normal-volume training (3 days/week), followed by 20 days of high-volume training (2 sessions/day) and 2 weeks of reduced-volume training (5 sessions) [93]. The main finding of the study was that mitochondrial parameters did not change following normal-volume training, while there were improvements in mitochondrial respiration, the maximal activity of CS, and PGC-1α after high-volume training [93]. Similarly, the protein content of mitochondrial complex I, II, III, IV, and V, and mass-specific mitochondrial respiration were elevated after high-volume training but dropped quickly after 2 weeks of reduced-volume training [93]. The authors concluded that there would be a rapid reversal of human skeletal-muscle adaptations to a reduction in training volume, and that training volume plays a key role in training-induced mitochondrial adaptations.



Finally, in the growing HIIT literature, most studies examining the effects of HIIT on health and performance involved high-intensity interval exercise performed once a day for various durations [106,107,108,109,110,111,112,113,114]. This has led Andrade-Souza and colleagues to wonder whether the effects of “twice a day” and “once a day” HIIT on mitochondrial biogenesis were identical. To address this, this research group designed a novel protocol that allowed the authors to manipulate the recovery duration between the first muscle glycogen-depleting exercise and the second exercise session, either 2 h (twice-a-day) or 15 h (once-daily) after the first exercise session [115]. In both approaches, the second exercise session (10 × 2 min intervals corresponding to an intensity of 20% of the difference between the lactate threshold and PPO) started with reduced muscle glycogen content [115]. The authors reported greater mRNA expression of PGC-1α, peroxisome proliferator-activated receptor, and peroxisome proliferator-activated receptor delta, and greater nuclear abundance of PGC-1α and protein p53 after twice-a-day high-intensity interval exercise [115]. On the other hand, muscle glycogen decreased similarly between the two exercise approaches [115]. A notable finding in this study is that performing two exercise sessions separated by a short recovery period might be more effective at inducing adaptations related to mitochondrial biogenesis and fat oxidation than the once-daily exercise, which in turn helps improve endurance performance.



A landmark study by Stensvold et al. [94], published in 2020, compared the effects of five years of supervised exercise training, including HIIT and MICT, with recommendations for physical activity on mortality in older adults [94]. A total of 1567 older adults were randomized into one of three groups: twice-a-week high-intensity interval exercise sessions (4 × 4 min at 85–95% peak HR (HRpeak) with 3 min active recovery 60–70% HRpeak); twice-a-week MICT sessions (50 min of continuous cycling at 70% HRpeak); and a control group of generally active people who followed the Norwegian physical activity guidelines recommending 30 min of moderate-level physical activity almost every day without supervision [94]. After 5 years of follow-up, there were no superior effects of MICT and HIIT on all-cause mortality compared with recommended physical activity levels. Additionally, almost all of the 1567 participants had substantially lower mortality rates (around 5%) than expected in the age group (10%) [94], showing that exercise is essential for longevity. Further to this, the HIIT group showed the lowest mortality rates (3%), compared to the generally active group (4.7%) and the moderate-exercise group (5.9%), with no difference among the groups [94]. This study is the largest and longest randomized exercise study of that age group to date. Collectively, although this study does not appreciably prove that HIIT improves longevity, health authorities should be encouraged to recommend regular exercise for older adults, especially given that regular exercise is a relatively cheap and accessible treatment that can benefit a large proportion of the population.




3.3. Studies on Exercise Capacity and Health in Clinical Populations


Despite the growing HIIT literature with studies conducted in healthy individuals, there are also some cornerstone research that investigated whether the interval training model could be applied safely by people with various diseases. In these studies, researchers questioned whether such interval exercise could help individuals with different health problems to overcome metabolic disorders. For example, an early study in 1975, by Kavanagh and Shephard [95], reported a substantial increase in aerobic power following one year of interval training consisting of running or jogging intervals (1/2 to 1 min), followed by 1 to 1–1/2 min of slow walking, in post-coronary patients with frequent exercise-induced angina attacks and who had a poor previous response to several months of continuous training.



In the mid-1990s, Katharina Meyer and her colleagues incorporated different HIIT protocols on patients with heart failure, and for the first time, recommended interval training model to be better suited to improve cardiac function and physical performance in patients with chronic congestive heart failure [88,116,117]. Similarly, in 2004, Rognmo and colleagues aimed to reveal if 10 weeks of HIIT resulted in a similar or greater increase in    V ˙   O2max when compared to MICT in coronary artery disease patients, and they reported an average 17.9% increase in the HIIT group and 7.9% in the MICT group [96]. This paper has shown HIIT to be more effective in increasing aerobic capacity in cardiac patients, which were previously reported in trained and healthy subjects, indicating interval exercise is able to optimize the exercise component of rehabilitation programs. Another study by Wisløff et al. that supported the findings of Helgerud and colleagues was published in 2008; it aimed to ascertain the effects of MICT and HIIT (3 sessions/wk for 12 weeks) on variables associated with cardiovascular function and prognosis in patients with postinfarction heart failure [97]. Patients aged 75.5 ± 11.1 years were randomly assigned to the HIIT group (4 × 4 min 90% to 95% of HRpeak, separated by 3 min of light exercise 50% to 70% of HRpeak) or the MICT group (47 min at 70% of HRpeak) [97]. The major findings of the study were that peak oxygen uptake (   V ˙   O2peak) increased 46% and 14% in the HIIT and MICT groups, respectively, while PGC-1α only increased by 47% in the HIIT group, which was associated with an increase in    V ˙   O2peak [97]. Besides, SV and peak ejection velocity, assessed by standard Doppler in the left ventricular outlet tract, increased by 17% and 19%, respectively, only in the HIIT group, but no change occurred in systolic function for the MICT group [97]. Additionally, pro-B-type natriuretic peptide levels, markers of hypertrophy and the severity of heart failure, decreased by 40% in HIIT group but remained unchanged in the MICT group [97]. Overall, this study indicated that HIIT was more effective than MICT model in improving left ventricular systolic performance and aerobic capacity in elderly heart failure patients.



In 2010, a study by Whyte et al. conducted 2 weeks of an “all-out” protocol [41] and the obtained findings showed SIT to be effective in increasing    V ˙   O2max and PPO in overweight and obese men. Besides, a decrease in waist circumference, systolic blood pressure, fasting insulin, and resting carbohydrate oxidation was reported [41], while resting fat oxidation was higher after 2 weeks of SIT [41]. Based on these findings, SIT was suggested for the first time as a potential exercise model to improve vascular and metabolic health in sedentary overweight/obese populations. Moreover, it is worth noting that exercise with high intensity is associated with a lower risk of developing coronary heart disease; however, the safety of high-intensity interval exercise was questioned until a landmark study from a Norwegian research group compared the cardiovascular risk of HIIT against moderate-intensity aerobic exercise in patients with coronary heart disease [98]. The authors reported a low risk from performing both types of exercise (2 nonfatal cardiac arrests per 46,364 h of high-intensity interval exercise versus 1 fatal cardiac arrest per 129,456 h of moderate-intensity exercise) and proved the safety of high-intensity interval exercise in this population [98].



Taken together, given that the physiological adaptations and health benefits of HIIT, patients with coronary heart disease and obesity can be encouraged to perform such exercise. It should be noted, however, that more work is needed to ascertain if the supramaximal model of interval exercise is safe for widespread recommendation in the clinical population. Therefore, studies capable of comparing this protocol with submaximal HIIT and MICT for fatal and nonfatal cardiac events during exercise will provide an important first step towards the utilization of the “all-out” protocol as an exercise strategy for the overweight/obese population.




3.4. Studies on the Effects of HIIT on Glucose Tolerance and Insulin Sensitivity


It is well documented that regular exercise increases tissue sensitivity to insulin, while inactivity reverses this process that, in turn, causes impaired glycemic control, risk of pancreatic β cell failure, and the development of T2D [118]. These evidence-based therapeutic benefits of exercise on insulin sensitivity have led to a great interest in this area of research. In this context, given that “lack of time” is the most commonly cited impediment to exercise in a variety of populations [119], HIIT, especially low-volume HIIT, has been considered an alternative to MICT to improve metabolic health and insulin sensitivity [120]. For example, Babraj et al. [45] reported for the first time that six sessions of all-out exercise based on an SIT program resulted in a decrease in plasma glucose, insulin, and non-esterified fatty acid concentration-time curves; additionally, there was a 23% improvement in insulin sensitivity in healthy young males [45], indicating that very short-term HIIT seems to provide sufficient stimulus for improvements in glycemic control in sedentary young adults. However, as the exercise protocol employed in this study [45] and other studies [121,122] is extremely demanding and may not be practical for some individuals, Little et al. [99] investigated if low-volume HIIT designed by the same research group would improve hyperglycemia in patients with T2D. They reported a decrease in hyperglycemia and higher glucose transporter type 4 protein content following 2 weeks of low-volume HIIT consisting of 10 × 60 s cycling bouts eliciting ~90% HRmax with 60 s resting periods [99], showing improved insulin sensitivity. Further, another study in 2016 by Gillen et al. [100] compared the effects of 12 weeks of SIT (10 min per session) with MICT (50 min per session) on exercise capacity, insulin sensitivity, and skeletal muscle mitochondrial adaptations in obese adults. At the end of the training interventions, there were similar improvements in    V ˙   O2peak, insulin sensitivity, and maximal activity of CS, despite a five-fold difference in time commitment between the two groups [100]. This was a comparison of SIT and MICT with the longest duration, proving the efficacy of brief, intense exercise for physiological adaptations and indices of cardiometabolic health. Indeed, the findings of these studies are supported by meta-analyses [44,123,124,125] that have appreciably proven the effectiveness of HIIT on glycemic control and insulin sensitivity in healthy people and patients with T2D. Indeed, in 2020, Saner et al. questioned if a single bout of high-intensity interval exercise would mitigate sleep-loss-induced reductions in glucose tolerance, mitochondrial respiratory function, and sarcoplasmic protein synthesis [126]. A total of 24 young males were randomly assigned one of three groups: normal sleep group (8 h in bed per night, for five nights), a sleep-restriction group (4 h in bed per night, for five nights), and sleep restriction and exercise group (4 h in bed per night, for five nights and three high-intensity interval exercise sessions) [126]. The exercise protocol consisted of 10 × 60 s 90% PPO, separated by 75 s active recovery at 60 W (~25 min/per session, including the active, resting, and warm-up phases). The authors reported that glucose tolerance, maximal coupled mitochondrial respiration, and sarcoplasmic protein synthesis significantly reduced in the sleep-restriction group, but these perturbations were not observed in the sleep-restriction and exercise group [126]. This study indicates for the first time that the detrimental effects of sleep loss on glucose metabolism and mitochondrial functions and glucose tolerance can be overcome by performing a single bout of high-intensity interval exercise. However, it should be noted that this study did not involve a normal sleep and exercise group that could have elucidated the contribution of high-intensity interval exercise to overcome the negative metabolic effects of sleep restrictions. Further, it is still unknown if the observed benefits in response to high-intensity interval exercise in this study can be observed following 25 min of moderate- and high-intensity continuous exercise. Notably, a recent study by Flockhart et al. [101] investigated the effects of excessive 14 HIIT sessions (5 × 4–8 min of cycling at 95% of    V ˙   O2max, with 3 min of non-pedaling rest) over 4 weeks on mitochondrial and glucose tolerance in healthy volunteers (six women and five men). Training load for each participant was progressively increased until the fourth week, during which time the load was reduced to allow for recovery. At the end of week 3 (the highest training load), intrinsic mitochondrial respiration was markedly decreased, which coincided with a reduction in glucose tolerance and insulin secretion. There was a significant increase in physical performance and    V ˙   O2max throughout the study, regardless of the training load [101]. This study exposes gaps in our current understanding of an upper limit to the amount of HIIT required to improve metabolic health before disruptions to mitochondrial function and whole-body metabolic homeostasis.



Taken together, the interval training program consisting of all-out, low- and high-volume HIIT protocols has been shown to be a time-efficient exercise strategy to improve insulin sensitivity and glucose tolerance. However, from a health perspective, exercise training programs should be carefully administrated, allowing the training response to be monitored, as too much exercise might result in negative effects. Besides, invasive methods such as glucose tolerance or careful tracking of glucose homeostasis might be easy approaches to optimize the amount of exercise associated with the greatest benefits.





4. Physiological Mechanisms Associated with HIIT-Induced Adaptations


4.1. Adaptations in    V ˙   O2max and Endurance Capacity


The increase in aerobic capacity following exercise program depends on central and peripheral adaptations, including an increased capacity of the central nervous system to recruit motor units, increased SV, maximal cardiac output, blood flow, skeletal muscle mitochondrial content, and capillary density [127,128]. The magnitude of these adaptations depends on the intensity, duration, and frequency of exercise.



4.1.1. Effects on    V ˙   O2max


Meta-analysis studies have shown that despite lower training volume, HIIT results in a similar [129] or even greater [25,130,131,132] increase in    V ˙   O2max, in different populations including adolescents, healthy adults and people with obesity, cancer, and metabolic syndrome, compared to MICT, showing HIIT to be a time-efficient intervention for improving aerobic capacity in comparison to MICT. This observed increase in    V ˙   O2max is usually attributed to increased SV [113], maximal cardiac output [29,133], maximal a-vO2 diff [127,134], skeletal-muscle oxidative enzyme capacity [70,122], capillary density [134], increased red blood cell volume, and hemoglobin mass [135], resulting in higher oxygen carrying capacity (Figure 3).



A meta-analysis by Sloth et al. that reviewed 13 studies, reported that improved aerobic performance and    V ˙   O2max are associated with the peripheral adaptations following SIT, i.e., increased oxidative capacity of the muscle; however, current evidence regarding central adaptations is equivocal [136]. Another meta-analysis by Vollaard and colleagues [137] reported that improvement in    V ˙   O2max following SIT was not attenuated with fewer sprint repetitions, clearly indicating that designing SIT interventions with fewer repetitions may offer health benefits with a lower exercise volume and a less demanding nature.



Although various studies have documented improved    V ˙   O2max, with concomitant peripheral adaptations in response to different HIIT and SIT programs [40,44,75,98,125], the cardiovascular adaptations to interval training have been examined in few studies [133,134,138,139] and remain poorly understood. For example, a study by Raleigh et al. [134] employed 8 × 20 s of pedaling at 170% of    V ˙   O2max, interspersed by 10 s of rest (4 days/week for 6 weeks), and reported a 9% increase in    V ˙   O2max but no change in maximum cardiac output. Macpherson et al. assessed the effects of SIT versus MICT (3 times/week for 6 weeks) on 2000 m running time trial performance,    V ˙   O2max, and maximal cardiac output and reported similar improvements in time trial performance and    V ˙   O2max in both groups [134], whereas maximal cardiac output increased only with MICT [140], showing that physiological adaptations following MICT are mainly central in origin, whereas those with SIT are more peripheral [140]. The findings of these two studies [134,140] suggest that peripheral adaptations, such as muscle oxidative enzymes, capillary density, and maximum a-vO2 diff play an essential role in the improvement in    V ˙   O2max following interval training. In contrast, Astorino et al. [133] demonstrated an increase in maximal cardiac output but not in HRmax or a-vO2 diff following 6 weeks of HIIT, which consisted of 10 high-intensity interval exercise sessions (8 to 10 × 60 s at 90% to 110% PPO), followed by SIT, high-intensity interval exercise, or periodized interval training for the subsequent 10 sessions. All the training groups showed increased    V ˙   O2max, mediated by increases in SV [133]. In support of this finding, Warburton et al. showed that increase in    V ˙   O2max following 12 weeks of HIIT was mediated by increased SV and increases in vascular volumes [141]. Others documented improvements in    V ˙   O2max attributable to both central and peripheral adaptations [29,142]. De Revere at al. [142] showed that nine sessions of HIIT over 3 weeks provided the sufficient level of stimulus to increase cardiac output, with a concomitant increase in    V ˙   O2max. The authors also reported a trivial increase in a-vO2 diff indicating the possibility that a-vO2 diff plays an important role in increased    V ˙   O2max following exercise. Similarly, Daussin et al. reported that 8 weeks of interval training resulted in improved    V ˙   O2max, along with increases in both peripheral muscle and central adaptations in inactive adults [29]. These discrepancies in the published literature are likely due to differences in training protocols, study durations and populations, or total work done.




4.1.2. Effects on Endurance Capacity


It is well-documented that HIIT administered for different durations is an effective way to enhance exercise performance [38,70,122,143]. Mostly determined using time-to-exhaustion or time trials, HIIT-induced improvements in endurance capacity are attributed to both molecular and physiological factors, including increased maximal CS activity [128], skeletal-muscle blood flow and vascular conductance [144], lactate carrying capacity and hydrogen ion release capacity from active muscles [145], and sarcoplasmic reticulum function [146]. Besides, the increased    V ˙   O2max and oxidative capacity of skeletal muscle following HIIT play a major role in improving exercise performance [91,127], allowing the same exercise intensity to be performed for longer after the training intervention. It is also worth noting that one of the hallmark adaptations following SIT or HIIT programs that affects exercise performance is increased fat oxidation during exercise, resulting in less accumulation of intracellular metabolites (lactate, hydrogen ion, inorganic phosphate, adenosine diphosphate, and adenosine monophosphate) and the sparing of glycogen stores [18,22].





4.2. Skeletal Muscle Adaptations to HIIT


Exercise is traditionally classified as being either aerobic/endurance or strength/resistance [147]. The nature of the physiological adaptations to exercise is associated with the exercise protocols applied, which activate different molecular pathways. For example, endurance training models, including HIIT, provide physiological stimuli for mitochondrial biogenesis, which in turn reduces glycogen use and lactate production, increases the lactate threshold, and allows individuals to exercise longer at a given intensity [148,149]. On the other hand, strength training stimulates the myofibrillar protein synthesis leading to muscle hypertrophy and increased maximal strength. In this context, the interesting aspect of HIIT is that this type of training promotes physiological adaptations known to be induced by MICT, yet the pattern of short, vigorous repetitions separated by light exercise is similar to resistance exercise.



Although studies having investigated how HIIT provides similar or greater adaptations to MICT in a much shorter time [72,87,100], knowledge remains limited regarding the physiological mechanisms induced by interval training, and the communication between metabolic pathways within cells. During one hour of moderate-intensity exercise, oxygen supply is adequate, and the substrate demand of active muscles is largely met by the oxidation of carbohydrate and fats. Type I muscle fibers are predominantly used, and the rate of change in whole-body steady-state is trivial and maintained. On the other hand, during high-intensity continuous or interval exercise that exceeds the threshold stimulus, widespread disturbances occur to both local (muscular) and systemic (cardiovascular, respiratory, neural and hormonal) steady-state. Mostly type II muscle fibers are actively used, which increases ATP production up to 100 times to meet the increased energy demand of the muscle [147,148]. This subsequently increases intracellular lactate, phosphocreatine, adenosine monophosphate, and adenosine diphosphate accumulation, as well as the activity of adenosine monophosphate-activated protein kinase and calmodulin-dependent protein kinase II. The increased activation of these kinases induces higher messenger RNA (mRNA) expression of PGC-1α, considered the master regulator of mitochondrial biogenesis [150]. As a result of these physiological processes and cellular stress, which occur in proportion to the intensity of endurance exercise [60], mitochondrial protein synthesis, and mitochondrial biogenesis are observed [17,93,151,152,153,154] (Figure 4).



Physiological adaptations in response to interval training are dependent on not only the intensity of exercise but also the subsequent rest intervals [19]. A study supporting this notion showed that 30 min of intermittent moderate-intensity exercise (30 × 1 min intervals, separated by 1 min of recovery) induces higher (~2.9 fold) activation of AMP-activated protein kinase (AMPK), which regulates PGC-1α, compared to a single bout of 30 min of continuous exercise [155]. This finding indicates that intermittent exercise protocols are likely to induce greater mitochondrial adaptation than acute moderate-intensity continuous exercise [17,19]. However, there are some limitations to this study that should be considered when interpreting the results. First, even though effort time was similar, a single bout of high-intensity interval exercise led to greater session duration (60 min versus 30 min) that goes against the idea of being time-effective. Besides, muscle biopsies were taken upon the cessation of cycling, meaning 30 min after the beginning of continuous exercise but 60 min after the onset of the high-intensity interval exercise session. Further, since no time-course of signaling protein activation was provided, which would be difficult to do due to the invasive nature of the procedure, this could be a confusing factor that limits the findings of this study. Considering these limitations, the question that remains unanswered is whether the activation of AMPK would be the same when compared between both conditions at 30 min and at 60 min rather than 30 min versus 60 min. In this context, it is apparently a fertile area of research to uncover whether these acute changes observed in signaling patterns in response to a single bout of high-intensity interval exercise could translate to different chronic effects.




4.3. Adaptations to Once- or Twice-Daily HIIT


Most studies that existed in the literature consist of HIIT protocols that were performed once daily, every other day [44,47,75,98,100,125]. However, some studies also investigated the physiological effects of HIIT performed twice-a-day [93]. For example, it has recently been shown that 6 high-intensity interval exercise sessions performed twice-a-day over just 5 days markedly improved    V ˙   O2max, endurance capacity, and submaximal exercise fat oxidation [38]. This study is the shortest HIIT study to provide sufficient stimulus for such adaptations in response to a HIIT regime and represents an important conceptual advancement for training prescription, demonstrating the remarkable ability of the human body to adapt to exercise stress in less than 1 week. In contrast to the “once-daily” exercise approach, the number of the published papers on the effects of twice-a-day HIIT on performance variables, energy metabolism, and possible molecular mechanisms is limited [93,156,157,158,159,160,161]. Some researchers have investigated the physiological effects of the twice-a-day approach on mitochondrial adaptations, measuring mitochondrial biogenesis and mitochondrial efficiency [93,158]. These studies reported twice-daily exercise sessions (wherein the second session was commenced with reduced muscle glycogen stores) improved energy metabolism and induced skeletal-muscle cell-signaling pathways regulating mitochondrial and substrate metabolism [159,160,161,162]. Of the limited studies available, the twice-a-day approach has also been shown to be more effective than “once-daily” exercise for inducing adaptations related to substrate oxidation during submaximal exercise, endurance capacity, and    V ˙   O2max [3,156,160,161]. In these studies, the first exercise sessions were generally an exercise that depleted muscle-glycogen stores, and the second exercise session was performed with low muscle-glycogen stores that potentiated the exercise-induced increase in genes linked to mitochondrial biogenesis and metabolism [156,160,161,163,164,165]. The main findings of these studies suggest that a single bout of high-intensity interval exercise performed after a muscle-glycogen-depleting exercise session induced greater mitochondrial adaptations, improved endurance capacity (as measured by time-to-exhaustion or time-trial performance), and whole-body substrate oxidation [156,160,161]. The putative mechanisms involved are hard to define. In the light of the available evidence, however, it is tempting to speculate that these adaptations are not associated with low glycogen availability. Instead, HIIT with low glycogen stores may elicit higher perturbation in steady-state and higher increase in mitochondrial volume [161], when compared to HIIT with normal glycogen stores, resulting in higher training adaptation and endurance performance. Further, Hansen et al. [166] reported a higher catecholamine response to HIIT performed at low muscle-glycogen stores than at exercise performed at high muscle-glycogen stores, indicating higher stress response when the muscle glycogen is low, whilst Hulston et al. [163] reported that exercising with low muscle glycogen was not more effective for training adaptation than with high muscle glycogen in already well-trained athletes. Taken together, two workouts in close proximity, with the second bout of exercise performed at low muscle-glycogen content, seems to be a time-efficient method of maintaining training adaptations and performance, especially for untrained individuals. However, it should be noted that training with a high muscle-glycogen content would allow one to train for longer periods and thus obtain better results. Moreover, training programs aiming at decreasing muscle glycogen may lead to the risk for the so-called overtraining syndrome and impaired immune function, which hinder performance improvement.





5. Conclusions


In this paper, a brief history of interval training was presented, based on the novel findings of some selected studies on exercise capacity and health, starting from the early 1920s to date. Furthermore, an overview of the mechanisms underlying the physiological adaptations in response to interval training was provided.



It is well-documented that regular exercise is essential for a healthy life, but insufficient time to exercise seems to be one of the most cited barriers to exercise adherence. Considerable evidence has shown that interval training models can provide similar health and performance benefits to MICT, despite less time commitment. It is also apparent that different interval training models, including HIIT and SIT, are effective health- and performance-enhancing exercise strategies. Further, despite similar time commitment required for some high-intensity interval exercise models and continuous exercise, current evidence shows that high-intensity interval exercise can elicit higher enjoyment and greater physiological adaptation than MICT, making HIIT an effective strategy for a regular exercise habit. In addition, given that excessive HIIT intervention might result in detrimental metabolic effects as recently reported, monitoring exercise intensity carefully is of primary importance for the above-mentioned benefits of this type of exercise. Further randomized controlled trials involving long-term interventions (≥12 weeks) are warranted to determine whether low-volume HIIT offers similar or greater health and performance benefits when compared to MICT and high-volume HIIT in healthy individuals and those at risk of chronic-inactivity-related diseases. It should also be noted that most studies included men and healthy people; thus, the findings of these studies cannot be applied to women and patients with different chronic diseases. Moreover, the feasibility and safety of supramaximal interval models have not been addressed in patients with cardiac disorders, who are at an increased risk for sudden cardiac arrest during vigorous physical exercise compared to healthy individuals [167]. Therefore, further works are needed to investigate the feasibility and safety of SIT based on clinical characteristics and fitness level. Although people not engaging in regular physical activity have a greater risk of myocardial infarction during or soon after exertion [168], and the incidence of sudden cardiac arrest across a variety of activities is similar to that expected by chance alone [167], more studies are warranted to assess the safety of SIT in the clinical population. Additionally, twice-daily high-intensity interval exercise interventions remain fruitful areas of investigation to uncover possible physiological mechanisms underlying improved cardiorespiratory fitness with briefer training program duration. Further studies along with the findings of the published studies will help promote greater incorporation of HIIT into daily life and training program. These works will also open up new avenues to help translate these types of exercise models into physical activity recommendations for the general population.
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Figure 1. Documented health benefits of high-intensity interval training. 
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Figure 2. The number of high-intensity interval-training articles published in 2000–2020. 
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Figure 3. Central and peripheral adaptations to exercise training. 
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Figure 4. Schematic of the main signaling pathways through which high-intensity exercise elicits greater mitochondrial adaptations compared to lower intensities of exercise. Exercising at a higher intensity requires greater adenosine triphosphate turnover (A) and increases calcium release from sarcoplasmic reticulum; (B) carbohydrate oxidation, particularly from muscle glycogen, dominates at higher exercise intensities, compared to exercising at a lower intensity. (C) This results in a greater accumulation of metabolites, such as adenosine diphosphate, adenosine monophosphate, lactate, inorganic phosphate, creatine, calcium, hydrogen ion, adenosine monophosphate-activated protein kinase, and calcium/calmodulin-dependent protein kinase II, (D) causing greater rates of gene expression, (E) which promotes greater mitochondrial protein synthesis rates and greater mitochondrial content. (F) ADP, adenosine diphosphate; AMP, adenosine monophosphate; AMPK, adenosine monophosphate-activated protein kinase; ATP, adenosine triphosphate; Ca2, calcium; CaMPKII, calcium/calmodulin-dependent protein kinase II; Cr, creatine; H+, hydrogen ion; Pi, inorganic phosphate; SR; sarcoplasmic reticulum. 
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Table 1. Description of some selected HIIT studies.
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	Author
	Year
	Participants (   V ˙   O2max)(mL/kg/min)
	n (M/F)
	Duration;

Frequency; Mode
	Protocols
	Main Findings





	1
	Knuttgen et al. [82]
	1973
	Active male

(~45.3    V ˙   O2max)
	(60/0)
	1–2-months;

3–5 days/week;

cycling
	Group 1: 15 s all-out and 15 s rest 3 days/week for 2 months

Group 2: 3 min at    V ˙   O2max and 3 min rest, 3 days/week for 2 months

Group 3: 15 min of strenuous exercise/sessions, 5 days/week for 1 month
	Increase in    V ˙   O2max, with a concomitant reduction in HR at submaximal exercise.

   V ˙   O2max (mL/kg/min)

Group 1: 45.8 to 52.6

Group 2: 43.1 to 53.4

Group 3: 46.4 to 57.0



	2
	Fox et al. [83]
	1975
	Young, healthy male

(~45.5    V ˙   O2max)
	(69/0)
	7–13-weeks;

2–4 days/week; running
	Group 1: 2-day of short- (50–201 m), 1 day of long- (604–1208 m), 1 day of both short- and long-distance running

(4 days/week for 7 weeks)

Group 2: 1 day of long-, 1 day of both short- and long-distance running

(2 days/week for 7 weeks)

Group 3: 2-day of short-, 1 day of long-, 1 day of short- and long-distance running (4 days/week for 13 weeks)

Group 4: 1 day of long-, 1 day of both short- and long-distance running (2 days/week for 13 weeks)
	Increase in    V ˙   O2max, with no difference between the change due to training, training frequency, or training duration. Similar decrease in HRmax in all groups.

   V ˙   O2max (mL/kg/min)

Group 1: 43.5 to 48.0

Group 2: 44.2 to 48.

Group 3: 43.2 to 49.2

Group 4: 41.9 to 47.7



	3
	Henriksson and Reitman [84]
	1976
	Young, healthy male

(51.5    V ˙   O2max)
	(9) NS
	7–8-weeks;

3 days/week;

cycling
	Group 1: 5 × 4 min at 101%    V ˙   O2max, separated by 2 min rest

Group 2: 27 min of continuous exercise at 79% of    V ˙   O2max
	Increase in maximal activities of SDS in both groups.



	4
	Roberts et al. [85]
	1982
	Active male

(NR)
	(4/0)
	5-weeks;

3–4 days/week; running
	16 sessions of high-intensity interval exercise consisting of eight 200 m run at 90% of the maximal speed (HR ~179 beats/min), separated by 2 min rest periods (HR ~130 beats/min)
	Increase in glycolytic enzymes (GAPDH, LDH, MDH, PFK), as well as endurance capacity (~20%). determined by a treadmill test at 16 km/h, 15% grade to exhaustion.



	5
	Sharp et el. [86]
	1986
	Young, healthy male

(~52.7    V ˙   O2max)
	(15/0)
	8-weeks;

4 days/week;

cycling
	8 × 30 s all-out with 4 min of rest
	Increase in    V ˙   O2max, buffer capacity, and activity of PFK.



	6
	Tabata et al. [87]
	1996
	Young male

(50.5    V ˙   O2max)
	(14/0)
	4–6-weeks;

5 days/week;

cycling
	Group 1: 7–8 × 20 s with 10 s rest (4 days/week)—30 min of cycling at 70% and 4 × 20 s at 170%    V ˙   O2max (1 day/week)

Group 2: 60 min of continuous exercise at 70%    V ˙   O2max
	Increase in    V ˙   O2max

(10–15%) in both groups and concomitant increase in anaerobic capacity only in interval group.



	7
	Meyer et al. [88]
	1990
	Patients having undergone coronary bypass surgery (NR)
	(18/0)
	3.5-weeks;

7 days/week;

cycling
	Group 1: 20–25 × 1 at 86% of HRmax, separated by 1 min of recovery at 20 W

Group 2: 20–25 min of continuous exercise at 86% of HRmax
	Increase physical performance and economization of cardiac function, as well as larger decrease in HR at rest and during exercise, in the interval group.



	8
	MacDougall et al. [89]
	1998
	Young, healthy men

(47.8    V ˙   O2max)
	(20/0)
	7-weeks;

3 days/week;

cycling
	4–10 × 30 s all-out with 2–4 min of recovery.
	Increase in    V ˙   O2max, endurance capacity, and glycolytic and oxidative enzyme activity.



	9
	Gibala et al. [71]
	2006
	Active male

(50.9    V ˙   O2max)
	(16/0)
	2-weeks;

3 days/wk;

cycling
	Group 1: 4–6 × 30 s at ~250%    V ˙   O2peak with 4 min recovery

(Total time commitment: 2.5 h)

Group 2: 90–120 min of continuous exercise 70%    V ˙   O2max

(Total time commitment: ~10.5 h)
	Similar increase in time to trial performance, muscle buffering capacity, and glycogen content in both groups despite markedly less time commitment in group 1.



	10
	Helgerud et al. [90]
	2007
	Trained male

(57.9    V ˙   O2max)
	(40/0)
	8-weeks;

3 days/wk;

running
	Group 1: 45 min of running at 70% HRmax

Group 2: 25 min of running at 70% HRmax

Group 3: 47 × 15 s interval at 90–95% HRmax with 15 s active resting periods

Group 4: 4 × 4 min at 90–95% HRmax with 3 min active resting periods at 70% HRmax
	Similar increase in    V ˙   O2max and SV only in group 3 and group 4.



	11
	Little et al. [91]
	2010
	Young, healthy men

(46.0    V ˙   O2peak)
	(7/0)
	2-weeks;

3 days/week;

cycling
	8–10 × 1 min at ~100% HRpeak with 75 s recovery
	~10.0%, ~18%, 29%, ~24%, ~56%, ~119 and 17% increase in endurance capacity, CS, COX, PGC-1α, SIRT1, glucose transporter type 4, and resting muscle glycogen, respectively.



	12
	Granata et al. [92]
	2016
	Young, healthy men

(46.3    V ˙   O2peak)
	(29/0)
	4-weeks;

3 days/week;

cycling
	Group 1: 4–10 × 30 s all out with a 2 min rest

Group 2: 4–7 × 4 min at 90%    V ˙   O2peak with 2 min recovery at 60 W

Group 3: 20–36 min at ~90%    V ˙   O2peak
	Improved endurance capacity only in group 2 and 3; increase in PGC-1α protein content and mitochondrial respiration only in group 1.



	13
	Granata et al. [93]
	2016
	Young, healthy men

(45.1    V ˙   O2peak)
	(10/0)
	14-weeks;

3 days/week;

cycling
	3 consecutive training programs

Program 1: normal volume training, involving 4–7 × 4 min with a 2 min recovery at 60 W (3 times/week for 4 week)

Program 2: high volume training, twice a day for 20 consecutive days, involving 5–12 × 4 min intervals or 8–22 × 2 min intervals with a 1 min recovery at 60 W

Program 3: 1 and 4 sessions of 4 × 4 min and 1–5 × 2 min, respectively, for 2 weeks
	Increase in    V ˙   O2max, endurance performance, mitochondrial content, and mitochondrial respiration following high volume HIIT, and these gains returned to baseline after 2 week of reduced volume training.



	14
	Stensvold et al. [94]
	2020
	Older adults

(28.7    V ˙   O2peak)
	(777/790)
	12-weeks;

2 days/week;

cycling
	Group 1: 4 × 4 min at 85–95% HRpeak with 3 min active recovery 60–70% HRpeak

Group 2: 50 min of continuous cycling at 70% HRpeak

Group 3: National recommendation (30 min of moderate-level physical activity every day without supervision)
	Higher increase in    V ˙   O2max and physical component continuous summary score in group 1 than the other groups. No effect on all-cause mortality in group 1 and 2 compared with recommended physical activity levels.



	15
	Kavanagh and Shephard [95]
	1975
	Postcoronary patients

(NR)
	(41/0)
	1 year;

5 days/week;

running
	Group 1: 24–30 min of continuous training at 60–70%    V ˙   O2max.

Group 2: 10–30 × 1 min of jogging or running at 75% of difference resting HR and HRmax, separated by 1 min of recovery at 40% difference resting HR and HRmax.
	Substantial increase in aerobic power calculated based on work and oxygen of the Astrand scale in both groups, with higher gains in patients suffering frequent angina, following interval training.



	16
	Rognmo et al. [96]
	2004
	Coronary artery disease patients

(31.9    V ˙   O2peak)
	(14/3)
	10-weeks;

3 days/week;

running
	Group 1: 4 × 4 min at 80–90% HRmax with 3 min active resting periods at 60%    V ˙   O2peak

Group 2: 41 min of continuous running at 50–60%    V ˙   Opeak
	17.9% and 7.9% increase in    V ˙   O2max in group 1 and group 2, respectively.



	17
	Wisløff et al. [97]
	2008
	Postinfarction heart failure patients

(13.1    V ˙   O2peak)
	(20/7)
	12-weeks;

3 days/week;

running
	Group 1: 4 × 4 min at 90–95% HRpeak with 3 min active resting periods at ~60% HRpeak

Group 2: 47 min of continuous running at 70–75% HRpeak

Group 3: No exercise
	46.0% and 14.0% increase in    V ˙   O2max in group 1 and group 2, respectively, and a 47% increase in PGC-1α only group 1.



	18
	Whyte et al. [41]
	2010
	Overweight and obese men

(32.8    V ˙   O2peak)
	(10/0)
	2-weeks;

3 days/week;

cycling
	4–6 × 30 s all out with 4.5 min recovery at 30 W
	8.4% and 18.2 increase in    V ˙   O2max and resting fat oxidation, respectively, and 24.5% and 4.7 decreases in fasting insulin and systolic blood pressure, respectively.



	19
	Rognmo et al. [98]
	2012
	Coronary heart disease patients

(NR)
	(3393/1453)
	-
	Group 1: 4 × 4 min at 85–95% HRpeak with 3 min active resting periods at ~60% HRpeak

Group 2: 47 min of continuous running at 60–70% HRpeak
	1 nonfatal cardiac arrest during high-intensity interval exercise per 23,182 exercise hours,

1 fatal cardiac arrest during MIT per 129,456 exercise hours.



	20
	Babraj et al. [45]
	2009
	Young, healthy men

(48.0    V ˙   O2peak)
	(16/0)
	2-weeks;

3 days/week;

cycling
	Group 1: 4–6 × 30 s all out with 4 min recovery at 30 W

Group 2: No exercise
	23% and 6% improvements in insulin sensitivity, endurance capacity, and reduced fasting plasma NEFA concentrations.



	21
	Little et al. [99]
	2011
	Patients with type 2 diabetes

(NR)
	(8) NS
	2-weeks;

3 days/week;

cycling
	10 × 1 min at ~90% HRpeak with 60 s rest
	Reduced blood glucose concentration and improved glucose transporter type 4 protein content, muscle mitochondrial capacity, and the maximal activity of CS.



	22
	Gillen et al. [100]
	2016
	Sedentary men

(32.5    V ˙   O2peak)
	(25/0)
	12-weeks;

3 days/week;

cycling
	Group 1: 3 × 20 s all-out with 3 min recovery at 50 W

Group 2: 45 min of continuous cycling at 70%    V ˙   O2peak

Group 3: No exercise
	Similar increase in    V ˙   O2max, insulin sensitivity, and mitochondrial content and the maximal activity of CS in intervention groups, despite a five-fold lower exercise-volume required in group 1.



	25
	Flockhart et al. [101]
	2021
	Young, healthy men and women

(48.4    V ˙   O2max)
	(5/6)
	4 weeks;

progressively increased work load; cycling
	14 HIIT-sessions in total (~95% of VO2max)

1st week: 2 × 5 × 4-min

2nd week: 2 × 5 × 8-min & 1 × 5 × 4-min

3rd week: 3 × 5 × 8-min & 2 × 5 × 4-min

4th week: 2 × 3 × 8-min & 1 × 3 × 4-min & 1 × 1 × 4-min
	At the end of the

1st week and 2nd week: Unaltered glucose AUC and improved PPO.

3rd week: Reduction in mitochondrial intrinsic respiration, glucose tolerance, AUC for plasma insulin, HOMA-β, and higher increase in lipid oxidation compared to 1st and 2nd week.

4th week (recovery): Partly and fully recovered glucose tolerance and HOMA-β, respectively.







AUC; area under the curve, COS; cytochrome C oxidase, CS; citrate synthase, F; female, GAPDH; glyceraldehyde phosphate dehydrogenase, The HOMA; homeostasis model assessment, HR; heart rate, HRmax; maximal heart rate, HRpeak; peak heart rate, LDL; lactate dehydrogenase, M; male, MDH; malate dehydrogenase, MIT; moderate-intensity training, NEFA; non-esterified fatty acid, NR; not reported, NS; not specified, PGC-1α; peroxisome proliferator-activated receptor gamma coactivator 1 alpha, PFK; phosphofructokinase, SDH; succinate-dehydrogenase,    V ˙   O2max; maximal oxygen uptake;    V ˙   O2peak; peak oxygen uptake; W; watt.
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