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Abstract

:

Cardiorespiratory fitness, anaerobic power, and lower extremity strength are essential for soccer players at all levels. An effective program should be developed to improve physical strength for adolescent soccer players who need to combine academic and technical training. This study analyzed the impact of short-term high intensity interval training (HIIT) training and traditional moderate intensity continuous training (MICT) on adolescent soccer players. Participants included 56 adolescent soccer players who were divided into HIIT and MICT groups. The training program was conducted 3 times a week for 4 weeks using cycle ergometer. Each session included the same resistance training program, and the characteristics of HIIT and MICT were applied to improve cardiorespiratory fitness and anaerobic power. Body composition analysis, graded exercise test for peak oxygen uptake (VO2 peak), Wingate anaerobic power test, and isokinetic knee strength test were performed. VO2 peak was improved in HIIT and MICT, but anaerobic threshold and heart rate recovery significantly improved in the HIIT group. Wingate anaerobic peak power had increased significantly in sets 1, 2, and 3 in the HIIT group, but showed significant improvement only in set 1 in the MICT group. The isokinetic strength improved significantly in the HIIT group at 60°/s and in the MICT group at 240°/s. There was no significant change in body composition in either group. In conclusion, short-term HIIT administered to adolescent soccer players effectively improved cardiorespiratory fitness in HIIT and MICT groups. While HIIT increased anaerobic threshold and power, MICT effectively improved muscle endurance. Short-term intensive training can be considered a time-efficient training strategy.
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1. Introduction


Soccer players require physiological and physical conditioning to achieve optimal performance, depends on many factors, including technical, tactical, physical, physiological, and mental condition [1,2].



For optimal energy metabolism, soccer requires high aerobic capacity because the game lasts for 90 min. Moreover, since high-intensity activities that depend on anaerobic energy metabolism are restored using aerobic energy metabolism, active recovery through aerobic activity performed at a lower level than the lactate threshold is required after high-intensity short sprints [3]. The moderate intensity continuous training (MICT) is the traditional, most widely used training method. This method involves running for a long time at the level of about 55–75% of VO2 peak. A previous study suggested that a 12-week MICT running program improved VO2 peak by 21.5% [4,5].



Meanwhile, because soccer involves repeated intermittent high-intensity running, it is necessary to optimize the physiologically high-level anaerobic energy system [6]. The activities that have a decisive influence on the outcome of a soccer match include sprints, jumping, duels, and kicking, all of which require explosive power [7]. The average exercise intensity, measured by the maximum heart rate during the 90-min game, is reportedly close to the lactate threshold or anaerobic threshold level [2]. Soccer players spend 11% of their total competition time in high-intensity anaerobic activity, causing lactate accumulation, and run a high-intensity sprint every 90 s. Therefore, anaerobic capacity is a factor that significantly affects performance [8].



An increase in maximal strength generally leads to an increase in relative strength and muscle power. Previous studies have reported a significant proportional relationship of maximal strength with acceleration and movement speed [9]. Additionally, in soccer, the muscle contractility of the lower extremities can affect the improvement of very important skills in soccer matches, such as changing direction, sprinting, and changing speed [10]. The key factors for a successful soccer match are, therefore, related to maximal strength of the lower extremities and anaerobic power [7].



The high-intensity interval training (HIIT) can not only improve anaerobic capacity but also cardiorespiratory fitness by meeting these needs. HIIT involves repeating 5–45 s of high-intensity training and 2–4 min of recovery for up to 40 min [11]. Because HIIT is similar to soccer games, the intensity of training interval consists of over 80% with VO2 peak higher than the anaerobic threshold, and intensity of recovery interval is around 50% [5,12].



The HIIT is characterized by the ability to improve both aerobic and anaerobic metabolism and has been reported to provide more effective improvements than MICT [13]. After 8 weeks of HIIT training, the maximum oxygen uptake reportedly improved by +8%, the glycogen content acting as energy for the anaerobic system increased by +3%, and the recovery heart rate changed by −7% [14]. Also, studies conducted on youth soccer players have shown positive results. McMillan et al. [15], reported that VO2 max, skirt jump, and counter movement jump height were significantly improved after 10 weeks of HIIT. Moreover, Mosey’s study showed an improvement in time reduction of 3.5% as measured by the Intermittent Fitness Test with HIIT once a week for 8 weeks [15].



However, despite the positive effects of HIIT, adolescents with low physical fitness and low training compliance are more likely to drop out because they repeat and continue high-intensity training. A previous study on the prevalence and predictors of HIIT dropout reported a 17.6% dropout rate, and that long training periods, and long exercise session times [16]. However, HIIT performed on a stationary bicycle showed a significantly lower dropout rate than a form of training such as running [17]. Compared to plyometric or sprint training, HIIT using a stationary bicycle has the advantage of being able to monitor the heart rate response in real time and it is easy to observe the training effect according to the absolute training intensity [18]. Moreover, training using a stationary bicycle can be useful for soccer players even to prevent occupational overuse syndrome [19].



However, HIIT studies have mainly focused on running-based training, and there are not many studies examining whether short-term bicycle-based HIIT is effective for youth soccer players. Therefore, this study compared two groups of adolescent soccer players, one performing MICT and another performing HIIT using a bicycle ergometer, and analyzed changes in cardiorespiratory fitness, anaerobic power, fatigue index, isokinetic knee strength, and body composition.




2. Method


2.1. Participants


The participants were 83 boys (15–18 years old) high school soccer players who visited the player training center after seeing an announcement on the bulletin board. In consultation with the coach in charge, they chose between HIIT and MICT, and participated in the training for 4 weeks. By the end of the sessions, 13 patients undergoing rehabilitation due to knee, ankle, and back injuries since the beginning and 14 dropouts during the study were excluded from the analysis. Therefore, the final analysis included 27 participants in the HIIT group and 29 in the MICT group. Written informed consent from the participants as well as their guardians or team coaches was obtained. Approval from the Gangeung-Wonju National University Research Ethics Committee was obtained for this study (GWNUIRB-2021-11; approval date: 25 February 2021).




2.2. Body Composition


Body composition was measured using Inbody 720 (Inbody Co., Seoul, Korea), which uses bioelectrical impedance to measure the impedance of each part of the body using an 8-point tactile electrode system [20]. The Inbody device sends varying frequencies of alternating current to the body through hands and feet. The analyzer uses a tetrapolar 8-point tactile electrode system and performs 30 impedance measurements at six frequencies (1, 5, 50, 250, 500, 1000 kHz) with a test duration of about 60 s [21]. This device passes current through the body through resistors and capacitors, resistors measure extracellular and intracellular fluids, and capacitors measure cell membranes [22]. These impedance values are then used to predict several variables, including body fat percentage, fat mass, fat-free mass, and total body water. Compared to DXA, InBody devices tend to underestimate body fat percent and fat mass and overestimate fat-free mass but have the advantage that individual errors are relatively small [23]. Fat mass and muscle mass were measured as weight in kg. Fat and muscle ratios were converted into percentages by dividing the measured fat mass and muscle mass by body weight, respectively. For accurate measurement, the participants removed conductive metals and jewelry that came into contact with the skin. After wiping the hands and soles of their feet with an alcohol swab, they stood on the electrode scaffold. Measurements were performed in a position in which both hands were widened by about 30° after holding the electrode handle. To minimize measurement error, the intake of food, beverage, alcohol, caffeine, etc., as well as vigorous physical activity, were restricted for 8 h before measurement.




2.3. Cardiorespiratory Fitness


The peak oxygen uptake (VO2 peak) was measured for cardiorespiratory fitness (CRF). Additionally, anaerobic threshold and heart rate recovery were measured using a treadmill and a gas analyzer (Vmax229, Sensormedics Co., Yorba Linda, CA, USA). The test protocol used BURCE, and the intensity was gradually increased every 3 min [24]. Heart rates were measured at 1 min and 3 min after the test ended to measure the heart rate recovery rate. For the anaerobic threshold, the ventilation volume, VO2, and VCO2 recorded results were analyzed every 10 s after the end of the test. These three volumes gradually increased, and then the point showed a sudden increase [25].



The contents and purpose of the test were explained to the participant and guardian or coach, and a written consent form for the test was completed prior to proceeding. To prepare for the risk to the heart that may occur during the test and to ensure safety, an electrocardiogram analyzer (Case8000, GE Marquette Co., Cleveland, OH, USA) was utilized to continuously monitor and measure heart activity by a cardiologist. Blood pressure was checked every minute during the test, and the measurement value 1 min before the stage change and rating of perceived exertion (RPE) were measured every 3 min. Although the test was conducted on the premise of measuring the maximum CRF, the test was stopped if an abnormality was found on the electrocardiogram, the RPE was 17 or higher, the heart rate and oxygen intake did not increase despite the increase in exercise intensity, or the participant requested discontinuation based on their subjective symptoms [20]. Participants who did not reach 90% or more of the predicted maximum heart rate (220 − age) or prematurely terminated training were excluded from the analysis.




2.4. Anaerobic Power and Fatigue


Anaerobic power and fatigue were measured using the Wingate test. The Wingate test is the most commonly performed test to measure anaerobic capacity in athletes. The test consists of a 30-s sprint for a constant load applied according to body weight (0.075 kg−1 body mass) [26]. A friction-loaded cycle ergometer (Monark model 864 Crescent AB, Varberg, Sweden) was used for the measurement. The height of the saddle and handlebar was individually adjusted to fit the body structure of the participant. The saddle height was adjusted such that when the participant sat on the saddle and extended one leg as much as possible, it was at a 25- to 35-degree angle. First, for warm-up, the number of revolutions per minute was set to 80 revolutions per minute (RPM) under a light load of 1 kp (50 watts), and cycling was performed for 4 min. After a warm-up, the examiner counted down 5 s before the start and applied the calculated load simultaneously as the examiner’s “start” signal. The participant tried to exert maximal RPM for 30 s, and the examiner verbally encouraged the participant to continue maximal effort throughout the test. The inspector recorded the RPM every 5 s during the test, and after the test was finished, the Peak RPM, the lowest RPM, and the average RPM were recorded. Peak Power was calculated using the measured record.


Peak power = [(Peak RPM/12) × kp × (6/0.0833)]











The peak power measured as an absolute value was defined as the relative peak power using the value divided by the body weight. Fatigue index refers to the percentage of power lost from the start to the end of the test and was calculated by multiplying the difference between the peak RPM and the lowest RPM by the peak RPM by 100. A total of 3 sets were repeated for the test, and the rest period between sets was set to 2 min.


Fatigue index = [(peak RPM − minimum RPM)/peak RPM] × 100












2.5. Isokinetic Knee Strength


The isokinetic knee strength was measured using an isokinetic dynamometer (Humac Norm, CSMi, Stoughton, MA, USA) in extension and flexion strength of the knee joint. The isokinetic dynamometer is a computerized and mechanically speed-resisting force measuring device [27]. Angular velocities of 60, 180, and 240°/s were performed. Measurement for muscle strength was performed at an angular velocity of 60°/s, at an angular velocity of 180°/s for muscle power, and an angular velocity of 240°/s for muscle endurance.



Participants sat in a chair and aligned the dynamometer axis with the lateral epicondyle of the femur to align the knee anatomical axis. Measurements were made with uniaxial contractions for extension and flexion of the knee. The test method was explained to the participants, and several practice exercises were conducted to ensure understanding. The range of flexion and extension of the knee for the examination was set to 0–90 degrees, and the maximum knee-stretched position was set to 0 degrees. The knee was flexed 90 degrees. First, the examiner signaled to wait. The first extension measurement was made with the start signal, and flexion was measured with the next signal. The participant performed 4 measurements at an angular velocity of 60°/s, 4 times at an angular velocity of 180°/s, and 25 measurements at an angular velocity of near 240°/s. For muscle strength, peak torque was measured, and the unit was Newton meter (Nm). Muscle power was measured by average power using watts, and muscle endurance was measured by total work using joules. The measured absolute values of muscle strength, power, and endurance were calculated by dividing the value by body weight as a percentage, and the relative values of extensors and flexors were added for analysis.




2.6. Training Program


2.6.1. High-Intensity Interval Training


The Repeated Wingate sprint protocol, as described within the HIIT program used by Breenfeldt et al. [28], was applied and performed 3 times a week for 4 weeks. The Repeated Wingate sprint protocol is a sprint interval training (SIT) method that involves an effort of 30 s close to maximum and “all out” Participants performed warm-up at 60 RPM for 10 min under a load of 1 kp corresponding to 50 W. After a warm-up, the load on the pedal was removed, and the participant performed unloaded pedaling, gradually increasing the pedaling speed and then starting this training immediately after reaching 100 RPM or more. Individual load (0.075 kg−1 body mass) according to their body weight was applied along with a start signal to the participants, and they were verbally encouraged to pedal as quickly as possible for 30 s. After 30 s of Wingate sprint, participants took an active rest while holding 60 RPM for 2 min at a load of 1 kp. During the last 5 s of the rest period, the participant again reached over 100 RPM, and the 30-s Wingate sprint was repeated. During the entire training, participants performed 6 sets of 30-s Wingate sprints and recovery 2-min intervals. After this exercise, cycling in break interval was performed at 60 RPM at 1 kp load for 10 min. Next, 6 sets of 30-s. Wingate sprints were once again repeated.




2.6.2. Moderate-Intensity Continuous Training


The MICT program was conducted 3 times a week for 4 weeks in the same way as the HIIT group using the training program described in Ko et al. [18]. The MICT group performed continuous cycling for 60 min at moderate intensity, eliciting 55–75% of the VO2 peak using an electromagnetically braked cycle ergometer. To set the training intensity, the heart rate at 55–75% of VO2 peak was applied using the data output from the CRF test. An electronic heart rate monitoring device (Polar H10, Polar Electro, Bethpage, NY, USA) was used so that athletes and trainers could check in real-time.




2.6.3. Resistance Training


HIIT and MICT groups completed the same resistance training (RT) programs. All training consisted of 12 sessions (3 times a week for 4 weeks). The RT program consisted of weight training focused on strengthening the muscles. Following the American College of Sports Medicine (ACSM) recommendations, 12 repetitions of 3 sets at 80% of 1 RM were performed to increase strength [29]. One repetition maximum (1 RM) measurement was performed on the first day, and the direct measurement method was performed by the researchers. Resistance exercise was applied equally to both groups. Participants performed resistance exercise after HIIT or MICT training was completed and after sufficient rest for 30 min or more. Weight training equipment included leg extension, leg curl, leg press, hip abduction, inner thigh, shoulder press, chest press, butterfly, lat pull-down, long pull, arm curl, and abdominal machines. The participants decided on the order in which they would use the equipment and move from one machine to another after their training.





2.7. Data Statistics


The G*power software (G*power 3.1, University of Düsseldorf, Düsseldorf, Germany) was used for sample size calculation. The conditions were as follows; Wilcoxon signed-rank test (one sample case), effect size d = 0.5; α error prob = 0.05; Power (1-β error probability) = 0.90. Data were analyzed using IBM SPSS Statistics for Windows/Macintosh, version 25.0 (IBM Corp., Armonk, NY, USA), and continuous variables were recorded as mean and standard deviation. As a result of performing the normality test with Kolmogorov–Smirnov and Shapiro–Wilk, the main analysis variables did not show a normal distribution; therefore, a nonparametric analysis was performed. The Wilcoxon method was used to perform intra-group of pre- and post-comparison. For comparison between groups, the Mann–Whitney method was used. The significance level was set at p < 0.05.





3. Results


3.1. General Characteristics


The participants were classified according to groups, and the general characteristics of the participants are shown in Table 1. When comparing the HIIT and the MICT groups, there was no statistically significant difference in age, height, weight, and body mass index (BMI).




3.2. Cardiorespiratory Fitness


In the change of VO2 peak before and after training, both the HIIT group and the MICT group showed a statistically significant increase after training (p = 0.012 and p = 0.028), while the anaerobic threshold showed a statistically significant increase after training only in the HIIT group (p = 0.025). In the heart rate recovery rate 1 min (p = 0.029) and 3 min (p = 0.015) after the end of the test, the recovery rate increased significantly after training only in the HIIT group (Table 2).




3.3. Wingate Test; Anaerobic Power and Fatigue Index


As for the change in anaerobic power, in set 1, both groups showed a statistically significant increase in peak power (p < 0.05). However, in sets 2 and 3, peak power increased significantly only in the HIIT group (p = 0.011 and p = 0.005). After training, in the HIIT group, there was no significant difference in set 2 compared with set 1, and the peak power decreased significantly in set 3 in the MICT group. However, set 2 and set 3 showed a significant decrease in terms of peak power compared to set 1 (Table 3).



Changes in fatigue index before and after training showed similar results to anaerobic peak power.



In the HIIT group, there was a significant improvement in sets 1, 2, and 3. However, in the MICT group, only set 1 showed a significant improvement, with no significant change in sets 2 and 3 (Table 4).




3.4. Isokinetic Knee Muscle Strength, Power, and Endurance


In terms of change in isokinetic knee muscle strength before and after training, at an angular velocity of 60°/s, the muscle strength increased significantly after training for both the HIIT and the MICT groups (p = 0.024 and p = 0.016). However, in comparison between groups, the HIIT group after training was significantly higher (p = 0.032). At an angular velocity of 180°/s, muscle power significantly increased in the HIIT group (p = 0.039), but at an angular velocity of 240°/s, muscle endurance significantly increased in the MICT group (p = 0.033) (Table 5).




3.5. Body Composition


Comparing the difference in body composition before and after training showed no statistically significant difference in total fat mass, fat ratio, muscle mass, and muscle ratio for body composition. In particular, after training, fat mass decreased in both groups, but the decrease was not significant (Table 6).





4. Discussion


Soccer is a sport that requires both aerobic and anaerobic capacity, and in this study, HIIT and MICT cycle ergometers were used to train youth soccer players for 4 weeks. Cardiorespiratory fitness and muscle strength improved in HIIT and MICT groups. While HIIT increased anaerobic threshold and power, and MICT significantly improved muscle endurance.



In a previous study on CRF, MacInnis et al. [30] reported that 6 sessions of short-term HIIT over 2 weeks elicited greater increases in citrate synthase maximal activity and mitochondrial respiration in skeletal muscle compared to MICT during total work and session duration. Through a meta-analysis, Cao et al. [31] confirmed that HIIT is a more effective training method for improving CRF in children and adolescents aged 6–17 years than MICT. In addition, various studies have shown that HIIT is more effective in the central adaptation of maximal stroke volume, cardiac output, and blood volume, which are major components of CRF [32,33]. The current study results suggested that anaerobic threshold and heart rate recovery improved significantly after training only in the HIIT group. In terms of VO2 peak, both the HITT and MICT groups improved significantly, but the HIIT group improved more after training. These results suggest that short-term HIIT may be a more effective training method for improving CRF than MICT, even for adolescent soccer players.



Previous studies have shown that various forms of HIIT have a significant effect on anaerobic power in athletes trained for endurance enhancement [34,35]. Stöggl et al. [35] reported that HIIT induces greater glycolytic activity, including the formation of lactic acid, and this activity favorably acts to generate ATP at a higher rate. Therefore, short-term HIIT is thought to affect both maximal anaerobic power and neuromuscular components significantly. In this study’s anaerobic power results, the peak power was significantly improved in both the HIIT and MICT groups in set 1, but only in the HIIT group in sets 2 and 3. In addition, the HIIT group maintained the peak power from set 1 to set 2 without a significant decrease. However, the MICT group showed a significant decrease in the peak power after set 1.



When measuring anaerobic fatigue in the Wingate test, the fatigue index is usually applied as a percentage of the data point’s power drop to peak power and lowest power. Therefore, a high value means high fatigue, which is harmful for performance [36]. In the results for fatigue in this study, the fatigue index was significantly improved only in the HIIT group in all 3 sets. In the HIIT group, fatigue did not increase significantly from set 1 to set 2, but the MICT group showed a significant increase in fatigue starting in set 2. These results suggest that short-term HIIT conducted using a cycle ergometer not only increased anaerobic power but also effectively strengthened endurance for repeated high-intensity anaerobic activities.



In soccer players, quadriceps play an important role in jumping and ball kicking, and hamstrings are known to control running activity and stabilize the knee joint during turns or tackles [37]. Also, the role of the quadriceps and hamstrings in joint stability becomes more important as speed increases [7]. The measurement of isokinetic knee strength in this study revealed that peak torque of 60°/s angular velocity, average power of 180°/s angular velocity, and total work of 240°/s angular velocity improved significantly in both groups. However, in the comparison between groups, the peak torque and average power were significantly higher in the HIIT group after training. In contrast, the total work in the MICT group became significantly stronger. Tabata et al. [38] reported a significant increase in the slow angular velocity tests of 30, 60, and 120°/s in participants who performed high-intensity endurance training at 90% VO2 peak using a cycle ergometer, but for 30, 60 s. This is consistent with our study results, which showed no significant difference in the fast angular velocity test of 120°/s. This suggests that HIIT may be more effective when the goal is to enhance muscle and muscle power, and MICT may be a more effective training strategy when the goal is to enhance muscle endurance. Previous studies found that HIIT did not increase the total muscle cross-sectional area but did increase the cross-sectional area ratio of certain type II muscle fibers [38]. In addition, HIIT is known to improve neuromuscular coordination, affect muscle strength, and increase muscle power [39]. Therefore, it is essential to adjust the ratio of HIIT and MICT in training programs according to their purpose rather than just performing HIIT when the goal is to improve muscle function.



Body composition is determined by the quantity and quality of several factors that affect an athlete’s performance and health [40]. When evaluating an athlete’s body composition, there is a report that the most meaningful results can be derived when quantitative and qualitative analysis are evaluated simultaneously [41]. Quantitative analysis can evaluate body mass and fat-free mass through total body, intracellular, and extracellular water content, and qualitative analysis can monitor intra/extracellular water ratio through R–Xc graph [42]. However, this study focused on the changes in CRF, anaerobic power, and muscle strength related to the athlete’s performance, and only quantitative analysis was performed to confirm the changes in muscle mass and body fat through training. The quantitative analysis of the athlete’s body composition suggested that there was no significant difference in all variables. In both HIIT and MICT, a period of 4 weeks is insufficient to affect body composition such as muscle and body fat. Previous studies have questioned whether HIIT has a greater effect on improving body composition than MICT [43,44]. Smith et al. [43] reported that there was no significant effect difference in body composition change between HIIT and MICT for 3 weeks; Nybo et al. [44] also reported that short-term HIIT was effective for improving CRF but had no significant effect on muscle mass increase and body fat loss compared to long-term training. Short-term HIIT may be an effective training method in terms of time efficiency. However, in this study, it did not affect body composition. Therefore, when the goal is to improve body composition, both HIIT and MICT should be implemented with long-term goals and plans rather than short-term training.



The limitation of this study is that while soccer is a sport based on running, training is based on bicycles. Also, since only men were included in the study, the effects of bicycle HIIT and MICT cannot be generalized to women. In addition, since it was a short-term training, additional research should be conducted on the effect of continuous training. In our current study, a choice between the two training types was not assigned randomly. Instead, after discussing with the players and coaching staff, their preferred method was assigned. In particular, because players have to train at high intensity, the researchers adopted a method to comply with ethical guidelines.



In this study, both HIIT and MICT improved VO2 max. According to the previous study, these changes were non-linear in the two groups, and there was a difference between groups [45]. Specifically, it was reported that the continuous training group showed changes in cardiorespiratory variables before and after the lactate threshold, and that HIIT showed changes in physiological variables after the lactate threshold [46]. Based on this information, future research should be conducted to find the factors of change in the cell unit, muscle, and cardiopulmonary system according to the training method and intensity.




5. Conclusions


After four weeks of short-term training, VO2 peak, anaerobic threshold, heart rate recovery, anaerobic power, fatigue index, and isokinetic knee muscle strength and power significantly improved in the HIIT group. In the MICT group, VO2 peak, muscle strength, and muscular endurance showed improvement. These findings suggest that, even for a short period of time, HIIT can help achieve improvement in the aerobic as well as anaerobic power, and recovery capacity that affect the performance improvement of adolescent soccer players compared to MICT. Therefore, short-term HIIT application is considered to be a time-efficient training strategy for adolescent soccer players who need to combine education and training.







Author Contributions


Conceptualization, B.F. and M.C.; methodology, Y.K.; formal analysis, B.F. and M.C.; investigation, Y.K.; writing—original draft preparation, B.F. and Y.K.; writing—review and editing, B.F. and M.C.; supervision, B.F. and M.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board of Gangeung-Wonju National University GWNUIRB-2021-11; approval date: 25 February 2021).




Informed Consent Statement


Informed consent was obtained from all participants involved in the study and written informed consent has been obtained from the participants to publish this paper.




Data Availability Statement


The data are not publicly available due to privacy or ethical reasons.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



De Villarreal, E.S.; Suarez-Arrones, L.; Requena, B.; Haff, G.G.; Ferrete, C. Effects of plyometric and sprint training on physical and technical skill performance in adolescent soccer players. J. Strength Cond. Res. 2015, 29, 1894–1903. [Google Scholar] [CrossRef]

	



Dolci, F.; Hart, N.H.; Kilding, A.E.; Chivers, P.; Piggott, B.; Spiteri, T. Physical and energetic demand of soccer: A brief review. Strength Cond. J. 2020, 42, 70–77. [Google Scholar] [CrossRef]

	



Hoff, J.; Helgerud, J. Endurance and strength training for soccer players. Sports Med. 2004, 34, 165–180. [Google Scholar] [CrossRef]

	



Milanović, Z.; Pantelić, S.; Sporiš, G.; Mohr, M.; Krustrup, P. Health-related physical fitness in healthy untrained men: Effects on VO2max, jump performance and flexibility of soccer and moderate-intensity continuous running. PLoS ONE 2015, 10, e0135319–e0135332. [Google Scholar] [CrossRef]

	



Wen, D.; Utesch, T.; Wu, J.; Robertson, S.; Liu, J.; Hu, G.; Chen, H. Effects of different protocols of high intensity interval training for VO2max improvements in adults: A meta-analysis of randomised controlled trials. J. Sci. Med. Sport 2019, 22, 941–947. [Google Scholar] [CrossRef]

	



Meckel, Y.; Machnai, O.; Eliakim, A. Relationship among repeated sprint tests, aerobic fitness, and anaerobic fitness in elite adolescent soccer players. J. Strength Cond. Res. 2009, 23, 163–169. [Google Scholar] [CrossRef]

	



Cometti, G.; Maffiuletti, N.; Pousson, M.; Chatard, J.-C.; Maffulli, N. Isokinetic strength and anaerobic power of elite, subelite and amateur French soccer players. Int. J. Sports Med. 2001, 22, 45–51. [Google Scholar] [CrossRef]

	



Castagna, C.; D’Ottavio, S.; Abt, G. Activity profile of young soccer players during actual match play. J. Strength Cond. Res. 2003, 17, 775–780. [Google Scholar]

	



Wisløff, U.; Castagna, C.; Helgerud, J.; Jones, R.; Hoff, J. Strong correlation of maximal squat strength with sprint performance and vertical jump height in elite soccer players. Br. J. Sports Med. 2004, 38, 285–288. [Google Scholar] [CrossRef]

	



Coratella, G.; Beato, M.; Schena, F. Correlation between quadriceps and hamstrings inter-limb strength asymmetry with change of direction and sprint in U21 elite soccer-players. Hum. Mov. Sci. 2018, 59, 81–87. [Google Scholar] [CrossRef]

	



Buchheit, M.; Laursen, P.B. High-intensity interval training, solutions to the programming puzzle. Sports Med. 2013, 43, 313–338. [Google Scholar] [CrossRef] [PubMed]

	



Laursen, P.B.; Jenkins, D.G. The scientific basis for high-intensity interval training. Sports Med. 2002, 32, 53–73. [Google Scholar] [CrossRef] [PubMed]

	



Astorino, T.A.; Allen, R.P.; Roberson, D.W.; Jurancich, M. Effect of high-intensity interval training on cardiovascular function, VO2max, and muscular force. J. Strength Cond. Res. 2012, 26, 138–145. [Google Scholar] [CrossRef]

	



Sarkar, S.; Chatterjee, S.; Dey, S.K. Effect of 8 weeks high intensity interval training on maximum oxygen uptake capacity and related cardio-respiratory parameters at anaerobic threshold level of indian male field hockey players. Eur. J. Phys. Educ. Sport Sci. 2019, 5, 106–116. [Google Scholar]

	



Mosey, T. High intensity interval training in youth soccer players-using fitness testing results practically. J. Aust. Strength Cond. 2009, 17, 49–51. [Google Scholar]

	



Costigan, S.A.; Eather, N.; Plotnikoff, R.; Taaffe, D.R.; Lubans, D.R. High-intensity interval training for improving health-related fitness in adolescents: A systematic review and meta-analysis. Br. J. Sports Med. 2015, 49, 1253–1261. [Google Scholar] [CrossRef]

	



Reljic, D.; Lampe, D.; Wolf, F.; Zopf, Y.; Herrmann, H.J.; Fischer, J. Prevalence and predictors of dropout from high-intensity interval training in sedentary individuals: A meta-analysis. Scand. J. Med. Sci. Sports 2019, 29, 1288–1304. [Google Scholar] [CrossRef]

	



Ko, D.-H.; Choi, Y.-C.; Lee, D.-S. The effect of short-term wingate-based high intensity interval training on anaerobic power and isokinetic muscle function in adolescent badminton players. Children 2021, 8, 458. [Google Scholar] [CrossRef] [PubMed]

	



Kozinc, Ž.; Sarabon, N. Common running overuse injuries and prevention. Montenegrin J. Sports Sci. Med. 2017, 6, 67. [Google Scholar] [CrossRef]

	



ACSM. ACSM’s Health-Related Physical Fitness Assessment Manual; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013. [Google Scholar]

	



Lim, J.S.; Hwang, J.S.; Lee, J.A.; Kim, D.H.; Park, K.D.; Jeong, J.S.; Cheon, G.J. Cross-calibration of multi-frequency bioelectrical impedance analysis with eight-point tactile electrodes and dual-energy X-ray absorptiometry for assessment of body composition in healthy children aged 6–18 years. Pediatrics Int. 2009, 51, 263–268. [Google Scholar] [CrossRef]

	



Nickerson, B.S.; Snarr, R.L.; Ryan, G.A. Validity of foot-to-foot bioelectrical impedance for estimating body composition in NCAA Division I male athletes: A 3-compartment model comparison. J. Strength Cond. Res. 2019, 33, 3361–3366. [Google Scholar] [CrossRef] [PubMed]

	



McLester, C.N.; Nickerson, B.S.; Kliszczewicz, B.M.; McLester, J.R. Reliability and agreement of various InBody body composition analyzers as compared to dual-energy X-ray absorptiometry in healthy men and women. J. Clin. Densitom. 2020, 23, 443–450. [Google Scholar] [CrossRef] [PubMed]

	



Van der Cammen-van, M.H.; IJsselstijn, H.; Takken, T.; Willemsen, S.P.; Tibboel, D.; Stam, H.J.; van den Berg-Emons, R.J. Exercise testing of pre-school children using the Bruce treadmill protocol: New reference values. Eur. J. Appl. Physiol. 2010, 108, 393–399. [Google Scholar] [CrossRef] [PubMed]

	



Lewith, H.; Pandit, J.J. Lung ventilation and the physiology of breathing. Surgery 2020, 38, 233–239. [Google Scholar] [CrossRef]

	



Bar-Or, O. The Wingate anaerobic test an update on methodology, reliability and validity. Sports Med. 1987, 4, 381–394. [Google Scholar] [CrossRef]

	



Muñoz-Bermejo, L.; Pérez-Gómez, J.; Manzano, F.; Collado-Mateo, D.; Villafaina, S.; Adsuar, J.C. Reliability of isokinetic knee strength measurements in children: A systematic review and meta-analysis. PLoS ONE 2019, 14, e0226274–e0226288. [Google Scholar] [CrossRef]

	



Breenfeldt Andersen, A.; Bejder, J.; Bonne, T.; Olsen, N.V.; Nordsborg, N. Repeated Wingate sprints is a feasible high-quality training strategy in moderate hypoxia. PLoS ONE 2020, 15, e0242439–e0242451. [Google Scholar] [CrossRef] [PubMed]

	



ACSM. ACSM’s Guidelines for Exercise Testing and Prescription, 10th ed.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2017. [Google Scholar]

	



MacInnis, M.J.; Zacharewicz, E.; Martin, B.J.; Haikalis, M.E.; Skelly, L.E.; Tarnopolsky, M.A.; Murphy, R.M.; Gibala, M.J. Superior mitochondrial adaptations in human skeletal muscle after interval compared to continuous single-leg cycling matched for total work. J. Physiol. 2017, 595, 2955–2968. [Google Scholar] [CrossRef]

	



Cao, M.; Quan, M.; Zhuang, J. Effect of high-intensity interval training versus moderate-intensity continuous training on cardiorespiratory fitness in children and adolescents: A meta-analysis. Int. J. Environ. Res. Public Health 2019, 16, 1533. [Google Scholar] [CrossRef]

	



Helgerud, J.; Høydal, K.; Wang, E.; Karlsen, T.; Berg, P.; Bjerkaas, M.; Simonsen, T.; Helgesen, C.; Hjorth, N.; Bach, R. Aerobic high-intensity intervals improve V˙ O2max more than moderate training. Med. Sci. Sports Exerc. 2007, 39, 665–671. [Google Scholar] [CrossRef]

	



Daussin, F.N.; Zoll, J.; Dufour, S.P.; Ponsot, E.; Lonsdorfer-Wolf, E.; Doutreleau, S.; Mettauer, B.; Piquard, F.; Geny, B.; Richard, R. Effect of interval versus continuous training on cardiorespiratory and mitochondrial functions: Relationship to aerobic performance improvements in sedentary subjects. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2008, 295, R264–R272. [Google Scholar] [CrossRef]

	



Stöggl, T.L.; Müller, E. Kinematic determinants and physiological response of cross-country skiing at maximal speed. Med. Sci. Sports Exerc. 2009, 41, 1476–1487. [Google Scholar] [CrossRef]

	



Stöggl, T.L.; Björklund, G. High intensity interval training leads to greater improvements in acute heart rate recovery and anaerobic power as high volume low intensity training. Front. Physiol. 2017, 8, 562–569. [Google Scholar] [CrossRef]

	



Naharudin, M.N.; Yusof, A. Fatigue index and fatigue rate during an anaerobic performance under hypohydrations. PLoS ONE 2013, 8, e77290–e77296. [Google Scholar] [CrossRef] [PubMed]

	



Baroni, B.M.; Ruas, C.V.; Ribeiro-Alvares, J.B.; Pinto, R.S. Hamstring-to-quadriceps torque ratios of professional male soccer players: A systematic review. J. Strength Cond. Res. 2020, 34, 281–293. [Google Scholar] [CrossRef]

	



Tabata, I.; Atomi, Y.; Kanehisa, H.; Miyashita, M. Effect of high-intensity endurance training on isokinetic muscle power. Eur. J. Appl. Physiol. Occup. Physiol. 1990, 60, 254–258. [Google Scholar] [CrossRef] [PubMed]

	



Ardestani, M.M.; Kinnaird, C.R.; Henderson, C.E.; Hornby, T.G. Compensation or recovery? Altered kinetics and neuromuscular synergies following high-intensity stepping training poststroke. Neurorehabilit. Neural Repair 2019, 33, 47–58. [Google Scholar] [CrossRef] [PubMed]

	



Santos, D.A.; Dawson, J.A.; Matias, C.N.; Rocha, P.M.; Minderico, C.S.; Allison, D.B.; Sardinha, L.B.; Silva, A.M. Reference values for body composition and anthropometric measurements in athletes. PLoS ONE 2014, 9, e97846–e97856. [Google Scholar] [CrossRef]

	



Campa, F.; Toselli, S.; Mazzilli, M.; Gobbo, L.A.; Coratella, G. Assessment of body composition in athletes: A narrative review of available methods with special reference to quantitative and qualitative bioimpedance analysis. Nutrients 2021, 13, 1620. [Google Scholar] [CrossRef]

	



Campa, F.; Matias, C.N.; Marini, E.; Heymsfield, S.B.; Toselli, S.; Sardinha, L.B.; Silva, A.M. Identifying athlete body fluid changes during a competitive season with bioelectrical impedance vector analysis. Int. J. Sports Physiol. Perform. 2020, 15, 361–367. [Google Scholar] [CrossRef]

	



Smith-Ryan, A.E.; Melvin, M.N.; Wingfield, H.L. High-intensity interval training: Modulating interval duration in overweight/obese men. Physician Sportsmed. 2015, 43, 107–113. [Google Scholar] [CrossRef] [PubMed]

	



Nybo, L.; Sundstrup, E.; Jakobsen, M.D.; Mohr, M.; Hornstrup, T.; Simonsen, L.; Bülow, J.; Randers, M.B.; Nielsen, J.J.; Aagaard, P. High-intensity training versus traditional exercise interventions for promoting health. Med. Sci. Sports Exerc. 2010, 42, 1951–1958. [Google Scholar] [CrossRef] [PubMed]

	



Balagué, N.; Hristovski, R.; Almarcha, M.d.C.; Garcia-Retortillo, S.; Ivanov, P.C. Network physiology of exercise: Vision and perspectives. Front. Physiol. 2020, 11, 1607–1614. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Retortillo, S.; Gacto, M.; O’Leary, T.; Noon, M.; Hristovski, R.; Balagué, N.; Morris, M. Cardiorespiratory coordination reveals training-specific physiological adaptations. Eur. J. Appl. Physiol. 2019, 119, 1701–1709. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. General Characteristics.






Table 1. General Characteristics.





	Variables
	HIIT

(n = 27)
	MICT

(n = 29)
	t
	p-Values





	Age, years
	15.7 ± 0.8
	15.8 ± 0.7
	−0.506
	0.615



	Height, cm
	176.0 ± 5.5
	178.7 ± 5.3
	−1.884
	0.064



	Weight, kg
	64.3 ± 6.6
	65.8 ± 6.3
	−0.891
	0.377



	BMI, kg/m2
	20.8 ± 2.0
	20.6 ± 1.5
	0.383
	0.703







Abbreviations: HIIT, high-intensity interval training; MICT, moderate-intensity continuous training; BMI, body mass index.
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Table 2. Exercise Graded Test with Cardiorespiratory Fitness.






Table 2. Exercise Graded Test with Cardiorespiratory Fitness.





	
Variables

	
Group

	
Pre

	
Post

	
Difference (%)

	
p-Values






	
VO2 peak, mL/kg/min

	
HIIT

	
47.7 ± 6.7

	
55.3 ± 7.5

	
15.9

	
0.012 *




	
MICT

	
48.1 ± 7.4

	
52.2 ± 8.9

	
8.5

	
0.028 *




	
p-values

	
0.524

	
0.041 *

	

	




	
Anaerobic Threshold, %

	
HIIT

	
64.2 ± 8.9

	
73.5 ± 6.6

	
16.6

	
0.025 *




	
MICT

	
65.4 ± 7.3

	
68.0 ± 6.9

	
4.0

	
0.138




	
p-values

	
0.495

	
0.031 *

	

	




	
Recovery 1 m HR, %

	
HIIT

	
55.7 ± 6.8

	
70.0 ± 11.8

	
25.7

	
0.029 *




	
MICT

	
56.2 ± 7.4

	
61.6 ± 12.0

	
9.6

	
0.217




	
p-values

	
0.413

	
0.013 *

	

	




	
Recovery 3 m HR, %

	
HIIT

	
82.2 ± 13.8

	
92.0 ± 14.5

	
11.9

	
0.015 *




	
MICT

	
80.4 ± 17.2

	
85.6 ± 16.3

	
6.5

	
0.188




	
p-values

	
0.554

	
0.038 *

	

	








* p < 0.05; Abbreviations: HIIT, high-intensity interval training; MICT, moderate-intensity continuous training; HR, heart rate.
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Table 3. Peak Power per Body Weight with Wingate Test, (Peak Power/kg).






Table 3. Peak Power per Body Weight with Wingate Test, (Peak Power/kg).





	
Variables

	
Set

	
Pre

	
Post

	
Difference (%)

	
p-Values






	
HIIT

	
1

	
11.2 ± 2.2

	
12.6 ± 1.3

	
12.5

	
0.016 *




	
2

	
10.3 ± 1.4 a

	
11.9 ± 1.6

	
15.5

	
0.011 *




	
3

	
9.7 ± 1.6 b,c

	
10.8 ± 1.7 c

	
11.3

	
0.005 *




	
p-values

	
0.034 *

	
0.022 *

	

	




	
MICT

	
1

	
11.7 ± 1.2

	
12.5 ± 1.1

	
6.8

	
0.040 *




	
2

	
10.2 ± 1.3 a

	
10.8 ± 1.5 a

	
5.9

	
0.254




	
3

	
9.4 ± 1.5 b,c

	
9.6 ± 1.2 b,c

	
2.1

	
0.163




	
p-values

	
0.026 *

	
0.022 *

	

	








* p < 0.05; a, 1 set versus 2 set; b, 2 set versus 3 set; c, 1 set versus 3 set. Abbreviations: HIIT, high-intensity interval training; MICT, moderate-intensity continuous training.
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Table 4. Fatigue Index with Wingate Test.






Table 4. Fatigue Index with Wingate Test.





	
Variables

	
Set

	
Pre

	
Post

	
Difference (%)

	
p-Values






	
HIIT

	
1

	
41.0 ± 12.2

	
35.3 ± 7.7

	
−14.6

	
0.023 *




	
2

	
47.9 ± 10.4 a

	
42.5 ± 9.8

	
−11.3

	
0.046 *




	
3

	
59.4 ± 9.4 b,c

	
48.7 ± 10.7 c

	
−18.0

	
0.016 *




	
p-values

	
0.013 *

	
0.040 *

	

	




	
MICT

	
1

	
43.6 ± 11.9

	
37.7 ± 9.2

	
−13.8

	
0.032 *




	
2

	
49.5 ± 10.2 a

	
46.9 ± 10.6 a

	
−5.3

	
0.315




	
3

	
57.0 ± 11.5 b,c

	
55.9 ± 13.1 b,c

	
−1.9

	
0.265




	
p-values

	
0.028 *

	
0.019 *

	

	








* p < 0.05; a, 1 set versus 2 set; b, 2 set versus 3 set; c, 1 set versus 3 set. Abbreviations: HIIT, high-intensity interval training; MICT, moderate-intensity continuous training.













[image: Table] 





Table 5. Isokinetic Knee Strength Test.






Table 5. Isokinetic Knee Strength Test.





	
Variables

	
Group

	
Pre

	
Post

	
Difference (%)

	
p-Values






	
60°/s, Nm/kg, %

	
HIIT

	
487.8 ± 127.1

	
532.5 ± 120.4

	
9.2

	
0.024 *




	
MICT

	
477.6 ± 116.0

	
506.8 ± 107.8

	
6.0

	
0.016 *




	
p-values

	
0.724

	
0.032 *

	

	




	
180°/s, Watt/kg, %

	
HIIT

	
618.3 ± 127.0

	
649.8 ± 135.7

	
5.0

	
0.039 *




	
MICT

	
607.6 ± 139.1

	
632.1 ± 120.2

	
4.1

	
0.231




	
p-values

	
0.629

	
0.020 *

	

	




	
240°/s, total Joule/kg

	
HIIT

	
60.6 ± 13.6

	
65.9 ± 15.1

	
8.7

	
0.140




	
MICT

	
61.4 ± 12.3

	
70.5 ± 14.6

	
14.8

	
0.033 *




	
p-values

	
0.431

	
0.039 *

	

	








* p < 0.05; Abbreviations: HIIT, high-intensity interval training; MICT, moderate-intensity continuous training.
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Table 6. Changes in Body Composition.






Table 6. Changes in Body Composition.





	
Variables

	
Group

	
Pre

	
Post

	
Difference (%)

	
p-Values






	
Fat mass, kg

	
HIIT

	
7.4 ± 1.9

	
7.1 ± 2.0

	
−4.1

	
0.174




	
MICT

	
7.3 ± 2.1

	
7.0 ± 1.8

	
−4.1

	
0.141




	
p-values

	
0.766

	
0.755

	

	




	
Fat ratio, %

	
HIIT

	
11.4 ± 2.4

	
11.3 ± 1.9

	
−1.3

	
0.183




	
MICT

	
11.2 ± 2.1

	
10.8 ± 2.2

	
−0.9

	
0.210




	
p-values

	
0.576

	
0.481

	

	




	
Muscle mass, kg

	
HIIT

	
31.0 ± 3.2

	
32.1 ± 3.0

	
3.5

	
0.774




	
MICT

	
31.9 ± 3.1

	
32.2 ± 2.9

	
0.9

	
0.813




	
p-values

	
0.499

	
0.425

	

	




	
Muscle ratio, %

	
HIIT

	
48.4 ± 1.4

	
50.2 ± 1.6

	
3.7

	
0.132




	
MICT

	
49.1 ± 1.5

	
49.5 ± 1.4

	
0.8

	
0.205




	
p-values

	
0.299

	
0.306

	

	








Abbreviations: HIIT, high-intensity interval training; MICT, moderate-intensity continuous training.
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