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Abstract

:

The aim of this study was to assess the effect of acute short- versus long-interval high-intensity interval training (HIIT) on cognitive performance and psychological states in secondary school students. Fifteen secondary school students (nine males and six females: mean age = 16.2 ± 0.4 years, mean Body Mass Index = 21.2 ± 1.5 kg/m2, and maximum oxygen uptake = 42.2 ± 5.9 mL/kg/min) participated in the current study. They performed one of the following three sessions in a randomized order: (i) a long-interval HIIT (LIHIIT), (ii) a short-interval HIIT (SIHIIT), and (iii) a control condition (CC). Cognitive performance and perceived exertion were assessed pre and immediately post each condition using the d2 test and the Rating of Perceived Exertion (RPE) tool, respectively. Mood state was quantified using the Brunel Mood Scale (BRUMS) questionnaire immediately post each condition. The findings reported higher concentration performance in the SIHIIT compared to the LIHIIT condition (p = 0.043) and the CC (p < 0.001) and in the LIHIIT compared to the CC (p = 0.023). Moreover, the total count of errors was higher in the CC than in the LIHIIT (p = 0.01) and in the SIHIIT conditions (p < 0.001) and in the LIHIIT than in the SIHIIT condition (p = 0.03). RPE value was higher in the LIHIIT and SIHIIT conditions than in the CC (both p < 0.001), whereas no statistically significant difference between LIHIIT and SIHIIT conditions (p = 0.24) was found. Regarding the BRUMS, a significant difference between conditions in the fatigue subscale was found, being higher in LIHIIT with respect to SIHIIT (p = 0.03) and CC (p < 0.05). Vigor differed between conditions, with a higher value than in the LIHIIT (p = 0.04) and CC (p < 0.001). All the remaining subscales did not significantly differ between conditions (p > 0.05). Practitioners may implement short-interval HIIT prior to any tasks that require high levels of visual attention.
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1. Introduction


Current developments in the arena of exercise–cognition research show that acute physical exercise may be beneficial for people’s cognitive performance and, specifically, attention [1]. The most notable benefits can be observed in the elderly, with physical activity contributing to slowing the rate of cognitive decline associated with aging [2]. Enhanced cognitive abilities, such as improved attention and optimal cognitive performance, can effectively support the processes of psychosocial adaptation by aiding in the adjustment to one’s surroundings and playing a role in achieving higher levels of accomplishment in various academic and social endeavors [3]. The effect of physical activity on cognitive performance varies across age groups and types of exercise, the type of cognitive performance assessed, the intensity and duration of exercise, and the participant’s fitness [1,4]. Although positive results are frequently and clearly documented for children and adult samples, studies with adolescents and young adults are less often conducted and the reported effects are less consistent. For example, Budde et al. [5] and Hogan et al. [6] observed better performance-related outcomes, including attention levels, after an acute bout of exercise, while Hogan et al. [7] and Stroth et al. [8] reported null effects. Altermann and Gropel [9] demonstrated that attentional test performance increased from before to after different interventions including endurance, strength, and coordination exercises.



Moreover, most of the studies assessing the perceptual and cognitive responses to acute exercise bouts have focused on traditional programs of physical activity or simple tasks such as walking or running and coordination exercises [10,11]. Currently, less is known about the acute effects of high-intensity interval training (HIIT) on attention and psychological state given its growing popularity in recent years as an effective, attractive, and time-efficient training mode to improve the health and wellbeing of the general population. HIIT, which alternates bouts of high-intensity exercise with low-intensity recovery periods, is one of the most efficient ways to enhance cardio-metabolic and respiratory functioning [12]. Weston et al. [13] reported in a meta-analysis that HIIT, typically performed at an 85–95% maximal heart rate (%HRmax), can improve cardiorespiratory fitness by almost double compared to continuous, moderate-intensity training in patients with lifestyle-induced chronic disorders and comorbidities. Additionally, research has highlighted that HIIT elicited positive long-term effects on cognitive performance (i.e., concentration, selective attention, or working memory) and psychological outcomes (i.e., depressed mood, emotional well-being, and sleep quality) in youth [14].



There is an accumulating body of scholarly research on the acute effects of HIIT on cognition and psychological state, even though both the direction and the magnitude of these impacts still have to be elucidated. For instance, it has been reported in a recent meta-analysis that the acute effects of HIIT on inhibitory control are inconsistent with both positive and null effects being found [15]. Some scholars documented positive effects after HIIT sessions compared with single bouts of continuous aerobic [4,11,15] and resistance exercise [4]. In recent systematic reviews and meta-analyses, it has been demonstrated that, on the one hand, acute HIIT interventions with a total time duration between 11 and 20 min or between 21 and 30 min tended to have positive effects on executive function [16,17,18], but, on the other hand, those with a total time of less than 10 min or more than 30 min did not consistently show positive effects.



To date, the dose–response relationship between HIIT duration and cognition is unknown. However, some recent studies explored the dose–response relation between resistance/aerobic exercise intensity and cognitive performance after exercise. For example, Chang et al. [19] found that acute aerobic exercise for 30 min (i.e., 5 min warm-up, 20 min main exercise, and 5 min cooldown) has beneficial effects on EF, whereas acute exercise for 10 min or 45 min showed negligible effects. Moreover, according to Chang et al. [20], practicing resistance exercise at 100% of 10-repetition maximum (RM) could support lower-level cognitive performance relative to 40% and 70% of 10RM, suggesting a linear trend, whereas 70% of 10RM resulted in better performance-related outcomes on interference and working memory. Therefore, it is paramount for future research to account for the potential impacts of dose–response relations between bouts of acute exercise (in terms of intensity) and cognitive-performance-related outcomes.



It should be emphasized that an acute exercise prescription takes into account various parameters related to exercise itself, from its modality to intensity and duration [20], and even though dose–response relations between exercise intensity (i.e., aerobic and resistance) and cognitive performance have been relatively well described, the precise effects of HIIT duration still have to be thoroughly assessed, especially in adolescent populations. As such, the aim of the present study was to test the effect of acute short- (SIHIIT) versus long-interval HIIT (LIHIIT) on cognitive performance and psychological state in a study involving secondary school students. More specifically, we hypothesized that both short- and long-interval HIIT sessions will improve attention and psychological states with respect to the control condition in our population. We also hypothesized higher concentration performance and a lower total number of errors after the SIHIIT session, as well as lower perceived exertion and higher vigor.




2. Materials and Methods


2.1. Participants


The a priori sample size and power analyses were carried out by means of the freely available G*power software (version 3.1.9.7 for Windows, Universität Düsseldorf: Psychologie, Düsseldorf, Germany), which was utilized in order to determine the appropriate sample size of the trial. Under the scenario of a large effect size of the intervention (with an expected f of 0.40), with the alpha and 1 – beta values being set at 0.05 and 0.80, respectively, with three conditions (SIHIIT, LIHIIT, and a control condition, CC) and two measurements (before and after), and with an expected correlation of 0.70, at least 15 participants should be recruited in the study.



Fifteen secondary school students (nine males and six females, a mean age of 16.2 ± 0.4 years, a mean Body Mass Index of 21.2 ± 1.5 kg/m2, and a maximum oxygen uptake (VO2max) of 42.2 ± 5.9 mL/kg/min) participated in the current study. They performed one of the following three sessions in a randomized order: (i) a LIHIIT, (ii) a SIHIIT, and (iii) a CC. We included participants if they met the following condition(s): (a) not performing high-intensity activities prior to the trial; (b) practicing structured physical activity two times a week; and (c) refraining from the intake of any supplement (e.g., coffee and vitamins) that could affect the results of the study. We excluded any participants who did not meet these criteria.



The investigation was conducted in accordance with the guidelines of the Declaration of Helsinki and received full clearance from the UNESCO Chair “Health Anthropology Biosphere and Healing Systems” (University of Genoa, Genoa, Italy). All participants and their parental guardians were informed about the objective of the study and gave their informed, written consent to be included in this investigation.




2.2. Procedure


The investigation was carried out using a randomized crossover design. It was conducted in four sessions separated by a washout period of 72 h, given that the recommended time for muscle recovery is (at least) 48–72 h. During the first session, participants completed the 20 m multistage fitness test to determine their individual exercise workload or maximal aerobic speed (MAS) and familiarized themselves with the cognitive tests and the psychological questionnaires.



During the second and third sessions (LIHIIT and SIHIIT sessions), all participants responded to the Rating of Perceived Exertion (RPE) questionnaire and completed a cognitive performance test (d2 test) 5 min before and immediately after each condition, in addition to responding to the Brunel Mood Scale (BRUMS) questionnaire.



Both sessions were performed on an outside 300 m track and started with a 10 min warm-up, which consisted of 5 min of moderate-intensity (50% of MAS) running followed by 5 min of dynamic stretching exercises and 3 repetitions of 30 m of accelerations. Then, at the end of each session, participants performed a 10 min cooldown by jogging at low intensity and static stretching.



During the SIHIIT session, participants performed 2 sets of 5 repetitions of individualized distance running lasting 30 s at 110% of MAS, interrupted with 30 s of passive recovery between repetitions and 2 min of active recovery at 40% of MAS between sets. In other words, participants had to run a given controlled distance for 30 s. The distance was marked by two cones (namely, cone 1 and cone 2) in relation to the speed requested. An acoustic signal was provided at the start (cone 1) and at the end of the 30 s period (cone 2). During the LIHIIT session, participants performed three runs lasting 120 s at 90% of their own MAS interrupted with 2 min active recovery, as in the SIHIIT, at 40% of MAS. Of note, each training session lasted approximately 32 min with a work-to-recovery ratio (WRR) of 1, as it is better than other ratios [15,21].



During the control session, participants were asked to read a book for approximately 32 min and completed cognitive and psychological tests as during the other conditions.




2.3. The 20 m Multistage Fitness Test


The MSFT was conducted by following the instructions provided by Léger et al.’s [22] study. In the extant scholarly literature, it is well known that VO2max can be predicted in adult populations with an intra-class correlation coefficient of 0.90 [23]. When conducting the test, the participants have to run backwards and forwards between two lines 20 m apart, in accordance with the recorded “beep” sound. Runs are considered successful only if shuttles are properly completed. The test starts with an initial velocity of 8 km/h, which is gradually incremented by 0.5 km/h every minute and is halted if the subject does not reach the line (within 2 m) for two consecutive ends, after being properly advised. MAS is calculated as the speed of the last successfully completed stage, associated with VO2max for the shuttle run test. As previously mentioned, VO2max is computed by utilizing the method developed by Léger et al. [22].




2.4. Attention Assessment


The cognitive performance d2 test was delivered in its paper-and-pencil format. It was utilized to assess the participants’ levels of concentrated visual attention from a quantitative standpoint [24], that is to say, it was leveraged to capture the complex series of cognitive processes that drive the selection of important information from the environment. It consists of a grid of 14 rows, each one including 47 characters (the letter d or p, with one to four dashes above and below each letter). Participants had to scan each line and mark only the letter d with two dashes.



The primary outcome measures derived from the d2 test include concentration performance and the overall count of errors. Concentration performance is calculated by tallying the correctly crossed-out d2 symbols and subtracting the incorrectly crossed-out symbols. Meanwhile, the total number of errors is determined by summing up instances where participants fail to identify a d2 symbol and cases of mistakenly crossing out non-d2 symbols. It is important to highlight that, if there is an increase or decrease in concentration performance after the intervention as compared to the baseline, it indicates whether the level of visual attention is deemed satisfactory or not up to par, respectively.




2.5. Rating of Perceived Exertion (RPE)


At the commencement and completion of every session, each participant underwent a thorough assessment using the RPE scale to gauge their personal perception of exertion. This scale encompassed a spectrum from 0, signifying “no perceived exertion” (akin to rest), to 10, representing “maximal perceived exertion” (indicative of the most strenuous exercise ever undertaken) [25].




2.6. Mood


To assess participants’ mood state, the BRUMS was used [26] by asking “How do you feel right now?”, immediately at the end of each session. The BRUMS consists of 6 subscales (fatigue, anger, vigor, confusion, depression, and tension), each consisting of 4 relevant items, totaling 24 items, and is graded on a 5-point Likert scale (0 = not at all, 4 = extremely). As such, the raw score of each subscale ranges from 0 to 16.




2.7. Statistical Analysis


Summary statistics were generated by calculating the means and standard deviations for each of the parameters under investigation. Due to the limited sample size employed, the normality of data distribution underwent examination through the Shapiro–Wilk test. Based on the test results, comparisons were made using one- and two-way analysis of variance (ANOVA) or their non-parametric counterparts. These analyses aimed to identify any differences in (a) pre- and post-intervention measurements and (b) among different conditions. For evaluating the main and interaction effects, the effect size (ES) was computed using partial eta-squared [27], wherein ES values below 0.06 were deemed small and those exceeding 0.14 were considered large.



All statistical analyses were conducted using the commercial software “Statistical Package for Social Sciences” (SPSS for Windows, version 24.0, IBM, Armonk, NY, USA). Findings reaching a significance threshold of 0.05 were considered statistically significant.





3. Results


For the concentration performance, there was a statistically significant main effect of time (F(1,42) = 221.28; p < 0.001; ES = 0.84), with higher concentration performance values post-exercise compared with pre-exercise. A main effect of the intervention (F(1,42) = 13.79; p < 0.001; ES = 0.39) was found. An interaction (time × intervention) effect was also observed (F(1,42) = 66.79; p < 0.001; ES = 0.76). Post hoc analyses of pairwise comparisons revealed that the post-exercise value was higher in the SIHIIT compared to the LIHIIT condition (p = 0.043) and the CC (p < 0.001) and in the LIHIIT compared to the CC (p = 0.023) (Table 1).



Concerning the total count of errors, a main effect of time (F(1,42) = 274.12; p < 0.001; ES = 0.86) and a main effect of the intervention (F(1,42) = 16.27; p < 0.001; ES = 0.43) were found (Table 1). An interaction (time × intervention) effect (F(1,42) = 89.74; p < 0.001; ES = 0.81) was also observed. Moreover, post hoc analyses of pairwise comparisons revealed that the total number of errors value was higher in the CC than in the LIHIIT (p = 0.01) and in the SIHIIT conditions (p < 0.001) and in the LIHIIT than in the SIHIIT condition (p = 0.03).



The RPE values differed between interventions (F(1,42) = 125.68; p < 0.001; ES = 0.85). A main effect of time (F(1,42) = 796.83; p < 0.001; ES = 0.95) was observed, with higher values being recorded post-exercise compared with pre-exercise (p < 0.05). Also, an interaction (time × intervention) effect (F(1,42) = 140.23; p < 0.001; ES = 0.87) was found. A post hoc analysis of pairwise comparisons revealed that the RPE value was higher in the LIHIIT and SIHIIT conditions than in the CC (both p < 0.001), whereas no statistically significant difference between LIHIIT and SIHIIT conditions (p = 0.24) was found (Table 1).



Regarding the BRUMS, the one-way ANOVA showed a significant difference between conditions in the fatigue subscale (F(1,42) = 48.67; p < 0.001; ES = 0.67), being higher in LIHIIT with respect to SIHIIT (p = 0.03) and CC (p < 0.05). Vigor differed between conditions (F(1,42) = 14.68; p < 0.001; ES = 0.41), with a higher value than in the LIHIIT (p = 0.04) and CC (p < 0.001). All the remaining subscales did not significantly differ between conditions (p > 0.05) (Table 2).




4. Discussion


To the best of the authors’ knowledge, this is the first investigation that aimed to compare the effect of acute long- versus short-interval HIIT on cognition (attention) and psychological states (mood). As expected, the results of this study indicated that both long- and short-interval HIIT have a positive effect on attention. However, a greater increase in concentration performance and a decrease in the total number of errors were reported after the SIHIIT than the LIHIIT. This beneficial effect may be explained by the positive improvement of mood subscales, specifically the increase in vigor and the decrease in fatigue following SIHIIT when compared to LIHIIT.



A number of investigations studied the effect of acute HIIT on cognitive performance using different conditions and settings in terms of exercise volume, time:rest ratio, and cognitive tests. For instance, a systematic review of the literature on the effect of acute HIIT on EF published in March 2021 screened 521 studies, retaining 24 studies from twelve countries [16]. The authors reported that 61% of the outcomes from the included studies suggested that EF was positively affected by acute HIIT. Similarly, Kujach et al. [28] reported that 8 min of HIIT with a time:rest ratio of 1 (30 s:30 s) had a positive effect on executive function, as assessed by the Stroop test, in a sample of sedentary participants. In contrast, other studies failed to identify the beneficial effects of acute HIIT on cognitive performance [29,30]. The contradiction between the findings of the studies may depend on many factors, such as the HIIT volume, protocol of HIIT implemented, and rest interval mode.



The positive improvement of cognitive performance following HIIT is possibly due to the alterations of physiological parameters (such as heart rate and lactate) and neurochemicals in the brain (such as cortisol; catecholamines (noradrenaline and dopamine); brain-derived neurotrophic factor (BDNF), a biomarker associated with cognitive performance; and blood flow alterations), which in turn may increase the attentional resources of the individual engaged in cognitive performances [31,32,33,34,35,36,37]. In this regard, some authors reported that serum BDNF was higher following HIIT than after continuous high-intensity exercises [35]. In more detail, the neuronal enhancement in terms of BDNF may be due to the higher increase in brain H2O2 and TNF-α levels, which may both activate the signaling of the peroxisome proliferator-activated receptor (PPAR) after HIIT [35,36]. For instance, short intervals and moderate periods of intense exercise, as were included in the current study, have been shown to directly improve cognitive performance in conjunction with elevated BDNF levels and peripheral catecholamines [38]. In addition, other studies have also suggested that acute HIIT increased the activation and oxygenation of the prefrontal cortex and other brain regions associated with cognitive performance [39,40,41]. When comparing long- versus short-interval HIIT and different WRRs of HIIT on cognitive performance, it has been shown that the WRR and work interval of HIIT may moderate the relation between acute HIIT and cognitive inhibition [41] and attention. Shorter intervals and smaller WRRs (e.g., 30 s:30 s) may have a greater effect than longer intervals (120 s:120 s) and larger WRRs (e.g., 60 s:30 s) [41]. On the one hand, to examine the effects of short-interval (≤30 s) HIIT on execution function, a previous study reported that ten sets of 10 s of sprint exercise at maximal running pace interspersed with 50 s of active recovery/walking [42] and an actual exercise time of 10 min increase response time on the Stroop test by 5.4% [42]. Slusher et al. [36] reported that 10 sets of pedaling at the maximal intensity on a cycle ergometer for 20 s against resistance of 5.5% of the participant’s body weight and then undergoing 10 s of active recovery (5 min of actual exercise) significantly increased the number of categories completed (ES = 0.32) and correct responses (ES = 0.23) and decreased the total errors (ES = 0.23) and non-perseverative errors (ES = 0.30), as assessed by the Wisconsin card sorting task, when compared with the control condition. Similar results were also reported in the study of Kujach et al. [28], who showed that eight sets of 30 s of cycling bouts followed by 30 s of passive recovery for a total time of 8 min had a significant effect of reaction time compared with the CC. Another study examined the effect of 6 min of HIIT with a protocol consisting of 10 sets of 6 s of cycling bouts against resistance of 7.5% of the participant’s body weight followed by 30 s of passive recovery on the Go/No-Go task performance [43]. The authors showed that 6 min of HIIT under normoxia and moderate hypoxia did not impair reaction time and/or inhibitory-based cognitive performance. Accordingly, similar findings were also reported in the study of Wilke et al. [44] regarding the effect of 15 min of functional whole-body exercises carried out in a circuit format with 20 s of active recovery and 10 s of recovery.



Regarding the impact of long-interval (≥2 min) HIIT on cognitive performance, Quintero et al. [45] reported that four sets of 4 min of running at 85–95% HRmax followed by 4 min of active recovery at 75–85% HRmax increased CP (ES = 0.44) with no significant difference compared with the control condition. This latest finding was contradictory when compared to our results: this discrepancy may be explained by accounting for the difference in session volume. Taken together with our study findings, it seems that acute short-interval (≤30 s) HIIT with a WRR of 1 for 8/12 min may be appropriate as a time- and interval-efficient exercise regime for the improvement of attention and executive function in youth. This could be explained by taking into account that this type of exercise leads to increased cortical activation in the prefrontal cortex [28], which in turn facilitates executive function and improves attention.From an exercise psychology perspective, it has been reported that a single session of HIIT with WRRs of 1 min:1 min and 10 s:10 s may lead to a significant decrease in the Profile of Mood States, which is represented by increases in fatigue and tension and confusion levels and a decrease in vigor [46,47]. In contrast, Martinez et al. [48] showed a greater positive affective response following short-interval HIIT (30 s) and moderate-interval HIIT (60 s) when compared with long-interval HIIT (120 s). Thus, HIIT based on longer exercise periods and imbalanced ratios (e.g., 1:0.5) may result in lower affective responses [48,49].



Concerning the strengths and limitations of the present study, the current investigation should be considered as an initial pilot study with preliminary findings. Further larger studies should replicate and corroborate our findings, exploring sex- and gender-specific differences as well, for which our study was underpowered. Moreover, different HIIT protocols, in terms of intervals and WRRs, should be more comprehensively appraised. An important aspect to highlight is that we successfully identified distinct alterations in mood and cognitive performance. However, the duration of these changes and their consistency over time remain uncertain. Future investigations should delve into the lasting nature of these changes and their possible significance in relation to extended advantages.




5. Conclusions


In conclusion, the present study added new knowledge for coaches and physical education teachers about the acute effect of HIIT on attention and psychological states. The findings reported that single sessions of SIHIIT can have greater effects on concentration performance than LIHIIT in secondary school students. Practitioners may implement short-interval HIIT prior to any tasks that require high levels of visual attention. However, based on the previously mentioned shortcomings, further high-quality research in the field is warranted.







Author Contributions


Conceptualization, M.S. and N.L.B.; methodology, M.S. and N.L.B.; software, M.S.; validation, M.S.; formal analysis, M.S. and N.L.B.; investigation, M.S.; resources, M.S.; data curation, M.S.; writing–original draft preparation, M.S., H.Z., A.H. and N.L.B.; writing–review and editing, M.S., M.I., H.Z., A.H. and N.L.B.; project administration, M.S.; funding acquisition, M.S. and N.L.B. 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 investigation was conducted in accordance with the guidelines of the Decla-ration of Helsinki and received full clearance from the UNESCO Chair “Health Anthropology Biosphere and Healing Systems” (University of Genoa, Genoa, Italy) project code EXERCOGN_023020. All participants and their parental guardians were informed about the objective of the study and gave their informed, written consent to be included in this investigation.




Informed Consent Statement


Informed consent was obtained from all the parental guardians of the subjects involved in the study.




Data Availability Statement


Data generated by the investigation are within the manuscript. Further data can be obtained upon request to the Corresponding Author.




Acknowledgments


The researchers would like to acknowledge the Deanship of Scientific Research, Taif University, for funding this work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



de Sousa, F.M.A.; Medeiros, A.R.; del Rosso, S.; Stults-Kolehmainen, M.; Boullosa, D.A. The influence of exercise and physical fitness status on attention: A systematic review. Int. Rev. Sport Exerc. Psychol. 2018, 12, 202–234. [Google Scholar] [CrossRef]

	



Tanaka, K.; de Quadros, A.C.; Santo, R.F.; Stella, F.; Gobbi, L.T.B.; Gobbi, S. Benefits of physical exercise on executive functions in older people with Parkinson’s disease. Brain Cogn. 2009, 69, 435–441. [Google Scholar] [CrossRef] [PubMed]

	



Lubans, D.; Richards, J.; Hillman, C.; Faulkner, G.; Beauchamp, M.; Nilsson, M.; Kelly, P.; Smith, J.; Raine, L.; Biddle, S. Physical activity for cognitive and mental health in youth: A systematic review of mechanisms. Pediatrics 2016, 138, e20161642. [Google Scholar] [CrossRef] [PubMed]

	



Chang, Y.; Labban, J.; Gapin, J.; Etnier, J. The effects of acute exercise on cognitive performance: A meta-analysis. Brain Res. 2012, 1453, 87–101. [Google Scholar] [CrossRef] [PubMed]

	



Budde, H.; Voelcker-Rehage, C.; Pietraßyk-Kendziorra, S.; Ribeiro, P.; Tidow, G. Acute coordinative exercise improves attentional performance in adolescents. Neurosci. Lett. 2008, 441, 219–223. [Google Scholar] [CrossRef] [PubMed]

	



Hogan, M.J.; Kiefer, M.; Kubesch, S.; Collins, P.; Kilmartin, L.; Brosnan, M. The interactive effects of physical fitness and acute aerobic exercise on electrophysiological coherence and cognitive performance in adolescents. Exp. Brain Res. 2013, 229, 85–96. [Google Scholar] [CrossRef]

	



Hogan, M.J.; O’Hora, D.; Kiefer, M.; Kubesch, S.; Kilmartin, L.; Collins, P.; Dimitrova, J. The effects of cardiorespiratory fitness and acute aerobic exercise on executive functioning and EEG entropy in adolescents. Front. Hum. Neurosci. 2015, 9, 538. [Google Scholar] [CrossRef]

	



Stroth, S.; Kubesch, S.; Dieterle, K.; Ruchsow, M.; Heim, R.; Kiefer, M. Physical fitness, but not acute exercise modulates event-related potential indices for executive control in healthy adolescents. Brain Res. 2009, 1269, 114–124. [Google Scholar] [CrossRef]

	



Altermann, W.; Gropel, P. Effects of acute endurance, strength, and coordination exercise interventions on attention in adolescents: A randomized controlled study. Psychol. Sport. Exerc. 2023, 64, 102300. [Google Scholar] [CrossRef]

	



Hillman, C.H.; Pontifex, M.B.; Raine, L.B.; Castelli, D.M.; Hall, E.E.; Kramer, A.F. The effect of acute treadmill walking on cognitive control and academic achievement in preadolescent children. Neuroscience 2009, 159, 1044–1054. [Google Scholar] [CrossRef]

	



Kao, S.C.; Drollette, E.S.; Ritondale, J.P.; Khan, N.; Hillman, C.H. The acute effects of high-intensity interval training and moderate-intensity continuous exercise on declarative memory and inhibitory control. Psychol. Sport. Exerc. 2018, 38, 90–99. [Google Scholar] [CrossRef]

	



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

	



Weston, K.S.; Wisløff, U.; Coombes, J.S. High-intensity interval training in patients with lifestyle-induced cardiometabolic disease: A systematic review and meta-analysis. Br. J. Sport. Med. 2013, 48, 1227–1234. [Google Scholar] [CrossRef]

	



Alves, A.R.; Dias, R.; Neiva, H.P.; Marinho, D.A.; Marques, M.C.; Sousa, A.C.; Loureiro, V.; Loureiro, N. High-intensity interval training upon cognitive and psychological outcomes in youth: A systematic review. Int. J. Environ. Res. Public Health 2021, 18, 5344. [Google Scholar] [CrossRef]

	



Hsieh, S.S.; Chueh, T.Y.; Huang, C.J.; Kao, S.C.; Hillman, C.H.; Chang, Y.K.; Hung, T.M. Systematic review of the acute and chronic effects of high-intensity interval training on executive function across the lifespan. J. Sport. Sci. 2021, 39, 10–22. [Google Scholar] [CrossRef]

	



Ai, J.Y.; Chen, F.T.; Hsieh, S.S.; Kao, S.C.; Chen, A.G.; Hung, T.M.; Chang, Y.K. The effect of acute high-intensity interval training on executive function: A systematic review. Int. J. Environ. Res. Public Health 2021, 18, 3593. [Google Scholar] [CrossRef] [PubMed]

	



Leahy, A.A.; Mavilidi, M.F.; Smith, J.J.; Hillman, C.H.; Eather, N.; Barker, D.; Lubans, D.R. Review of high-intensity interval training for cognitive and mental health in youth. Med. Sci. Sport. Exerc. 2020, 52, 2224–2234. [Google Scholar] [CrossRef] [PubMed]

	



Moreau, D.; Chou, E. The acute effect of high-intensity exercise on executive function: A meta-analysis. Perspect. Psychol. Sci. 2019, 14, 734–764. [Google Scholar] [CrossRef]

	



Chang, Y.K.; Chen, F.T.; Kuan, G.; Wei, G.X.; Chu, C.H.; Yan, J.; Chen, A.G.; Hung, T.M. Effects of acute exercise duration on the inhibition aspect of executive function in late middle-aged adults. Front. Aging Neurosci. 2019, 11, 227. [Google Scholar] [CrossRef]

	



Chang, Y.K.; Etnier, J.L. Exploring the dose-response relationship between resistance exercise intensity and cognitive function. J. Sport Exerc. Psychol. 2009, 31, 640–656. [Google Scholar] [CrossRef]

	



Seo, M.W.; Lee, J.M.; Jung, H.C.; Jung, S.W.; Song, J.K. Effects of various work-to-rest ratios during high-intensity interval training on athletic performance in adolescents. Int. J. Sport. Med. 2019, 40, 503–510. [Google Scholar] [CrossRef]

	



Léger, L.; Mercier, D.; Gadoury, C.; Lambert, J. The multistage20 metre shuttle run test for aerobic fitness. J. Sport. Sci. 1988, 6, 93–101. [Google Scholar] [CrossRef]

	



Chung, J.W.; Lee, O.; Lee, K.H. Estimation of maximal oxygen consumption using the 20 m shuttle run test in Korean adults aged 19–64 years. Sci. Sport. 2023, 38, 68–74. [Google Scholar] [CrossRef]

	



Brickenkamp, R.; Oosterveld, P. D2 Aandachts-En Concentratie Test: Handleiding (D2 Test of Attention: User Manual); Hogrefe: Amsterdam, The Netherlands, 2012. [Google Scholar]

	



Borg, G. Borg’s Perceived Exertion and Pain Scales; Human Kinetics: Champaign, IL, USA, 1998. [Google Scholar]

	



Terry, P.; Lane, A.; Fogarty, G. Construct validity of the Profile of Mood States—Adolescents for use with adults. Psychol. Sport Exerc. 2003, 4, 125–139. [Google Scholar] [CrossRef]

	



Lovakov, A.; Agadullina, E.R. Empirically derived guidelines for effect size interpretation in social psychology. Eur. J. Soc. Psychol. 2021, 51, 485–504. [Google Scholar] [CrossRef]

	



Kujach, S.; Byun, K.; Hyodo, K.; Suwabe, K.; Fukuie, T.; Laskowski, R.; Soya, H. A transferable high-intensity intermittent exercise improves executive performance in association with dorsolateral prefrontal activation in young adults. Neuroimage 2018, 169, 117–125. [Google Scholar] [CrossRef] [PubMed]

	



Browne, S.E.; Flynn, M.J.; O’Neill, B.V.; Howatson, G.; Bell, P.G.; Haskell-Ramsay, C.F. Effects of acute high-intensity exercise on cognitive performance in trained individuals: A systematic review. Prog. Brain Res. 2017, 234, 161–187. [Google Scholar]

	



McMorris, T.; Hale, B.J. Differential effects of differing intensities of acute exercise on speed and accuracy of cognition: A meta-analytical investigation. Brain Cogn. 2012, 80, 338–351. [Google Scholar] [CrossRef]

	



Kao, S.C.; Wang, C.H.; Kamijo, K.; Khan, N.; Hillman, C. Acute effects of highly intense interval and moderate continuous exercise on the modulation of neural oscillation during working memory. Int. J. Psychophysiol. 2021, 160, 10–17. [Google Scholar] [CrossRef] [PubMed]

	



Martínez-Díaz, I.C.; Escobar-Muñoz, M.C.; Carrasco, L. Acute effects of high-intensity interval training on brain-derived neurotrophic factor, cortisol and working memory in physical education college students. Int. J. Environ. Res. Public Health 2020, 17, 8216. [Google Scholar] [CrossRef]

	



McMorris, T. History of research into the acute exercise–cognition interaction: A cognitive psychology approach. In Exercise Cognition Interaction: Neuroscience Perspectives; Elsevier Academic Press: Amsterdam, The Netherlands, 2016. [Google Scholar]

	



McMorris, T.; Tallon, M.; Williams, C.; Sproule, J.; Draper, S.; Swain, J.; Potter, J.; Clayton, N. Incremental exercise, plasma concentrations of catecholamines, reaction time, and motor time during performance of a noncompatible choice response time task. Percept. Mot. Ski. 2003, 97, 590–604. [Google Scholar] [CrossRef] [PubMed]

	



Marquez, C.M.S.; Vanaudenaerde, B.; Troosters, T.; Wenderoth, N. High-intensity interval training evokes larger serum BDNF levels compared with intense continuous exercise. J. Appl. Physiol. 2015, 119, 1363–1373. [Google Scholar] [CrossRef]

	



Slusher, A.L.; Patterson, V.T.; Schwartz, C.S.; Acevedo, E.O. Impact of high intensity interval exercise on executive function and brain derived neurotrophic factor in healthy college aged males. Physiol. Behav. 2018, 191, 116–122. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.L.; Lin, Y.T.; Chuang, P.C.; Bohr, V.A.; Mattson, M.P. BDNF and exercise enhance neuronal DNA repair by stimulating CREB-mediated production of apurinic/apyrimidinic endonuclease 1. Neuromolecular Med. 2014, 16, 161–174. [Google Scholar] [CrossRef] [PubMed]

	



Winter, B.; Breitenstein, C.; Mooren, F.C.; Voelker, K.; Fobker, M.; Lechtermann, A.; Knecht, S. High impact running improves learning. Neurobiol. Learn. Mem. 2007, 87, 597–609. [Google Scholar] [CrossRef]

	



Kao, S.C.; Westfall, D.R.; Soneson, J.; Gurd, B.; Hillman, C.H. Comparison of the acute effects of high-intensity interval training and continuous aerobic walking on inhibitory control. Psychophysiology 2017, 54, 1335–1345. [Google Scholar] [CrossRef]

	



Lambrick, D.; Stoner, L.; Grigg, R.; Faulkner, J. Effects of continuous and intermittent exercise on executive function in children aged 8–10 years. Psychophysiology 2016, 53, 1335–1342. [Google Scholar] [CrossRef]

	



Ludyga, S.; Pühse, U.; Lucchi, S.; Marti, J.; Gerber, M. Immediate and sustained effects of intermittent exercise on inhibitory control and task-related heart rate variability in adolescents. J. Sci. Med. Sport 2018, 22, 96–100. [Google Scholar] [CrossRef]

	



Cooper, S.B.; Bandelow, S.; Nute, M.L.; Dring, K.J.; Stannard, R.L.; Morris, J.G.; Nevill, M.E. Sprint-based exercise and cognitive function in adolescents. Prev. Med. Rep. 2016, 4, 155–161. [Google Scholar] [CrossRef]

	



Sun, S.; Loprinzi, P.D.; Guan, H.; Zou, L.; Kong, Z.; Hu, Y.; Shi, Q.; Nie, J. The effects of high-intensity interval exercise and hypoxia on cognition in sedentary young adults. Medicina 2019, 55, 43. [Google Scholar] [CrossRef]

	



Wilke, J. Functional high-intensity exercise is more effective in acutely increasing working memory than aerobic walking: An exploratory randomized, controlled trial. Sci. Rep. 2020, 10, 12335. [Google Scholar] [CrossRef]

	



Quintero, A.P.; Bonilla-Vargas, K.J.; Correa-Bautista, J.E.; Domínguez-Sanchéz, M.A.; Triana-Reina, H.R.; Velasco-Orjuela, G.P.; García-Hermoso, A.; Villa-González, E.; Esteban-Cornejo, I.; Correa-Rodríguez, M.; et al. Acute effect of three different exercise training modalities on executive function in overweight inactive men: A secondary analysis of the BrainFit study. Physiol. Behav. 2018, 197, 22–28. [Google Scholar] [CrossRef] [PubMed]

	



Martínez-Díaz, I.C.; Carrasco, L. Neurophysiological stress response and mood changes induced by high-intensity interval training: A pilot study. Int. J. Environ. Res. Public Health 2021, 18, 7320. [Google Scholar] [CrossRef] [PubMed]

	



Selmi, O.; Haddad, M.; Majed, L.; Khalifa, B.; Hamza, M.; Chamari, K. Soccer training: High-intensity interval training is mood disturbing while small sided games ensure mood balance. J. Sport. Med. Phys. Fit. 2019, 58, 1163–1170. [Google Scholar] [CrossRef]

	



Martinez, N.; Kilpatrick, M.W.; Salomon, K.; Jung, M.E.; Little, J.P. Affective and enjoyment responses to high-intensity interval training in overweight-to-obese and insufficiently active adults. J. Sport Exerc. Psychol. 2015, 37, 138–149. [Google Scholar] [CrossRef] [PubMed]

	



Oliveira, B.R.; Slama, F.A.; Deslandes, A.C.; Furtado, E.S.; Santos, T.M. Continuous and high-intensity interval training: Which promotes higher pleasure? PLoS ONE 2013, 8, e79965. [Google Scholar] [CrossRef] [PubMed]








 





Table 1. Values of concentration performance, total number of errors, and RPE broken down according to the condition.






Table 1. Values of concentration performance, total number of errors, and RPE broken down according to the condition.





	
Variable

	

	
LIHIIT (Mean ± SD)

	
SIHIIT (Mean ± SD)

	
CC (Mean ± SD)

	
Statistical Significance (Time × Intervention)






	
Concentration performance

	
Before

	
218.13 ± 15.31

	
215.13 ± 15.49

	
214.59 ± 16.93

	
p < 0.001




	
After

	
244.53 ± 16.03

	
274.73 ± 17.01

	
218.00 ± 17.15




	
Total number of errors

	
Before

	
79.86 ± 13.74

	
82.86 ± 14.36

	
83.26 ± 16.87

	
p < 0.001




	
After

	
53.46 ± 14.41

	
23.26 ± 14.59

	
81.46 ± 17.28




	
RPE

	
