

[image: image1]
Time course efficiency of MICE and HIIE on inhibitory control and HRV in adolescents with obesity and different cardiorespiratory fitness









 


	
	
TYPE Original Research
PUBLISHED 17 August 2023
DOI 10.3389/fpsyg.2023.1242190






Time course efficiency of MICE and HIIE on inhibitory control and HRV in adolescents with obesity and different cardiorespiratory fitness

Zhan-Tao Feng1,2, Zhi-Xiong Mao1*, Feng-Bo Liu3 and Xiao-Wei Ou2


1School of Psychology, Beijing Sport University, Beijing, China

2College of Sports and Health, Shandong Sport University, Rizhao, China

3School of Physical Education, Zhengzhou University of Light Industry, Zhengzhou, China

[image: image2]

OPEN ACCESS

EDITED BY
 Roberto Codella, University of Milan, Italy

REVIEWED BY
 Matteo Giuriato, University of Pavia, Italy
 Nicola Lovecchio, University of Bergamo, Italy

*CORRESPONDENCE
 Zhi-Xiong Mao, zhxmao@bsu.edu.cn 

RECEIVED 10 July 2023
 ACCEPTED 04 August 2023
 PUBLISHED 17 August 2023

CITATION
 Feng Z-T, Mao Z-X, Liu F-B and Ou X-W (2023) Time course efficiency of MICE and HIIE on inhibitory control and HRV in adolescents with obesity and different cardiorespiratory fitness. Front. Psychol. 14:1242190. doi: 10.3389/fpsyg.2023.1242190

COPYRIGHT
 © 2023 Feng, Mao, Liu and Ou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Background: Adolescent obesity is associated with impaired inhibitory control. Acute exercise can improve executive function. However, due to the influence of exercise intensity, cognitive test timing, and cardiorespiratory fitness (CF) level, the most effective exercise program remains controversial.

Methods: The current study investigated the time-course effects of moderate-intensity continuous exercise (MICE) and high-intensity interval exercise (HIIE) on inhibitory control (Stroop) and task-related heart rate variability (HRV) in adolescents with different CF. A mixed experimental design of 2 CF levels (high CF, HCF; low CF, LCF) × 3 exercise methods (MICE, HIIE, CON) × 3 test timing (pre, post-0, post-20) was adopted. Heart rate variability (HRV) and Stroop task tests were conducted before exercise (pre), immediately after exercise (post-0), and 20 min after exercise (post-20).

Results: Individuals with HCF exhibited a positive decrease in Stroop response time immediately and 20 min after MICE and HIIE, compared to pretest response times (RT). Conversely, individuals with LCF showed a slight increase in Stroop task (RT) only immediately after HIIE. All individuals had a slight increase in ACC after MICE and HIIE compared to before exercise. In addition, compared with the control group, the time-domain index (the square root of the mean squared differences of successive NN intervals, RMSSD) of HRV was significantly decreased, the frequency-domain index (the absolute power of the Low-Frequency band/the absolute power of the High-Frequency band ratio, LF/HF) was significantly increased after MICE and HIIE, and the effect of HIIE on RMSSD and LF/HF was significantly greater than that of MICE.

Conclusion: The current study found that the acute effects of MICE and HIIE on inhibitory control in obese adolescents were influenced by the interaction of cognitive test timing and cardiorespiratory fitness. Individuals with high cardiorespiratory fitness performed better on the Stroop task than individuals with low cardiorespiratory fitness. The inhibitory control of HIIE in high-cardiorespiratory obese adolescents produced positive effects similar to those in MICE but more lasting, suggesting that HIIE is more beneficial for high-cardiorespiratory obese adolescents. MICE promoted inhibitory control in obese adolescents with low cardiorespiratory fitness, but HIIE impaired inhibitory control in obese adolescents with low cardiorespiratory fitness immediately after exercise, suggesting that low cardiopulmonary fitness obese adolescents may be suitable for MICE rather than HIIE exercise intervention. The shift from balanced HRV to sympathetic dominance after acute exercise reflects increased arousal levels and may be one of the underlying mechanisms by which acute exercise brings benefits to executive function.
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1. Introduction

In recent years, the obesity epidemic among adolescents has been on the rise globally. China is no exception, becoming the country with the largest number of adolescents with obesity in the world (Zhang and Ma, 2017). Adolescent obesity not only affects normal growth and development (Wu et al., 2017) but is also associated with an increased risk of impaired cognitive function (Hsu et al., 2015; Sweat et al., 2017), especially executive function (Tee et al., 2018; Yang et al., 2018). This may be related to the significantly lower cerebral blood flow velocity and cerebral blood flow in obese adolescents than in normal-weight adolescents (Doroszewska et al., 2000). In addition, physiological changes such as inflammation and reduced insulin and dopamine levels caused by obesity are also major potential mechanisms for obesity-induced cognitive decline (Cui and Li, 2016). The period of childhood and adolescence is a sensitive period for significant changes in brain morphology and function, as well as a golden period for cognitive function development (Spear, 2013). Environmental factors are particularly sensitive to the effects of the brain and behavior during this period (Marco et al., 2011). Inhibition control is a determinant of academic success (Diamond, 2013). Therefore, it is of great significance to find a way to enhance and improve inhibitory control in adolescents with obesity.

Inhibitory control, as the main component of executive function, refers to the ability of individuals to control their attention, behavior, thoughts, and/or emotions to overcome internal dominant responses and external temptations, thus avoiding inappropriate behaviors (Diamond, 2013). According to Diamond’s definition, inhibition control can be divided into interference control (inhibition of interference from irrelevant competing stimuli) and response inhibition (inhibition of behavioral responses that do not meet current needs) (Diamond, 2013).

Physical exercise, as a healthy and non-invasive intervention, may provide an important target to decrease the obesity of adolescents and restore and improve the poor cognitive function observed in adolescents with obesity (Xie et al., 2017). The improvement of cognitive function by acute exercise has been supported by cross-sectional studies (e.g., Hillman et al., 2006), longitudinal studies (e.g., Sofi et al., 2011), and meta-analysis (e.g., Moreau and Chou, 2019). However, the most effective exercise program remains controversial due to the influence of differences in exercise intensity, cognitive testing time points, and individual differences in cardiorespiratory fitness (CF) (Pontifex et al., 2019).

According to the inverted U hypothesis (Yerkes and Dodson, 1908), most of the previous studies on improving cognition with acute exercise focused on moderate-intensity continuous exercise (MICE), especially in tasks requiring improved inhibitory control (O’Leary et al., 2011). However, compared with MICE, high-intensity interval exercise (HIIE) induces physiological adaptation (Benda et al., 2015; Gayda et al., 2016), cognitive improvement (Biddle and Batterham, 2015; Hötting et al., 2016; Hillman and Biggan, 2017), and maybe a more promising exercise program. Tsukamoto et al. (2016), used a 4 min high-intensity cycling and 3 min HIIE regimen in young adults. They showed that both MICE and HIIE improved Stroop task performance compared to baseline, but that the improvement in inhibition control with HIIE lasted longer than with MICE. Similarly, Kao et al. (2017) compared the effects of 9 min of HIIE and 20 min of MICE on inhibitory control (Flanker) in young people, and Lambrick et al. (2016) compared the effects of 15 min of MICE and HIIE on children’s inhibitory control (Stroop). Based on the characteristics of paroxysmal, high-intensity, and intermittent exercise of adolescents (Bailey et al., 1995), short-term high-intensity exercise is more natural, more attractive, and easier to continue than traditional moderate-intensity exercise (Buchan et al., 2013). Additionally, based on the positive effects of HIIE on cognitive function and mental health of healthy-weight adolescents, HIIE may also be effective in improving cognitive function in adolescents with obesity (Deng and Cao, 2019).

The influence of exercise intensity may depend on the individual’s tolerance to exercise stimuli. Individuals with higher cardiorespiratory fitness may be more accustomed to higher workloads (Hüttermann and Memmert, 2014), and higher levels of fitness have been associated with enhancements in brain structure, brain functioning, and cognitive performance (McAuley et al., 2004; Voss et al., 2011). Therefore, it is important to consider individual differences in CF when studying the cognitive effects of different levels of physical exercise. A meta-analysis by Chang et al. (2012) showed that, compared with individuals with low or moderate CF, only individuals with high CF obtained the greatest acute exercise-cognitive benefits in both the immediate and delayed stages after exercise. Hogan et al. (2015) explored the effects of 20 min of MICE on adolescent inhibitory control (Flanker) and Chu et al. (2015) explored the effects of 20 min of MICE on inhibitory control in older adults (Stroop). Individuals with high CF showed greater improvement in inhibitory control after exercise than individuals with low CF. In contrast, several studies assessing working memory (Li et al., 2019) and inhibitory control (Cui et al., 2020) after acute exercise in young adults with high and low cardiorespiratory fitness have only found that low-health individuals benefit from acute exercise. Due to differences in the existing literature on factors such as individual age and cognitive task tests, the role of cardiorespiratory fitness in MICE and HIIE improved inhibitory control is unclear.

The underlying hypothesis for the effects of acute exercise on cognition is the physiological changes produced by exercise (Ferris et al., 2007). Additionally, recovery from exercise-induced physiological changes occurs gradually (Audiffren and Andre, 2015); therefore, temporal differences in the effects of acute exercise on cognitive function may occur. Mekari et al. (2015) found that after high-intensity exercise, Stroop performance decreased during and immediately after exercise, while Stroop performance improved for all participants 15 min after low-, moderate-, and high-intensity exercise. Lambrick et al. (2016) compared the effects of 15 min of MICE and HIIE on inhibitory control (Stroop) in children and found that both MICE and HIIE improved inhibitory control immediately after exercise, but only HIIE demonstrated improvement 30 min after exercise. Cooper et al. (2018) studied the effects of 60 min of basketball-based HIIE on inhibitory control (Stroop) and working memory (Sternberg) in adolescents and found that HIIE improved inhibitory control and working memory performance, both immediately and 45 min after exercise. These studies suggest that the potential cognitive benefits of acute exercise are influenced by the interaction between exercise intensity and cognitive testing time points. A meta-analysis by Chang et al. (2012) showed enhancement in cognitive tasks performed immediately after exercise (low or moderate intensity); however, after a 1 min delay, very low-intensity exercise no longer had a positive effect, while more intense exercise (high-intensity) continued to increase cognitive performance.

Exercise is a stressor that promotes arousal by increasing the expression of catecholamines (Tsukamoto et al., 2016), thereby improving cognitive performance (Anish, 2005). Heart rate variability (HRV) is an indicator of autonomic nervous system function, and to some extent, measures the level of arousal of individuals (Weissman et al., 2018). Generally speaking, HRV decreases with the increase in arousal (Zhong et al., 2005). In terms of the HRV frequency domain, the absolute power of the Low-Frequency band (LF) is mainly an indicator of sympathetic influence (accompanied by a parasympathetic component). While the absolute power of the High-Frequency band (HF) is considered to be a marker of parasympathetic influence (Shaffer et al., 2014; Michael et al., 2017). The LF/HF ratio reflects the relative activity of sympathetic and parasympathetic nerves, with a low ratio reflecting greater parasympathetic nerve activity (Shaffer et al., 2014). In terms of the time domain of HRV, the square root of the mean squared differences of successive NN intervals (RMSSD) is the main index reflecting vagal changes in HRV estimation (Shaffer et al., 2014).

Physical exercise primarily activates the left dorsolateral prefrontal cortex (l-DLPFC) to enhance executive function, which is the location of the brain involved in inhibitory control (Byun et al., 2014; Kujach et al., 2018). Based on the neurovisceral integration hypothesis (Thayer et al., 2009), changes in HRV are associated with executive function and can serve as an indicator of the activation of prefrontal neural structures (Dum et al., 2016). Ahern et al. (2001) have found that inactivation of the prefrontal cortex is associated with decreased HRV. Elevated HRV caused by parasympathetic inhibition (Mathewson et al., 2010) or sympathetic excitation (Murray and Russoniello, 2012) after acute exercise is associated with better performance of the executive function. Therefore, the current study evaluated changes in HRV at both immediate and delayed stages after different intensity exercises to provide new insights into the time course efficiency of exercise intensity on task-related HRV and inhibition control.

This study aimed to explore the time-course effects of traditional MICE and emerging HIIE on inhibitory control and HRV in adolescents with obesity and different levels of CF. Based on previous studies (Chang et al., 2012), we hypothesized that both MICE and HIIE would improve inhibitory control in adolescents with obesity immediately after exercise, and HIIE would produce better results than MICE in the delayed post-exercise phase, compared with the non-exercising control group (Tsukamoto et al., 2016). Furthermore, we hypothesized that the influence of MICE and HIIE on inhibitory control would be moderated by the level of CF (Brisswalter et al., 2002). Additionally, regarding the measurement of HRV, the time-domain index RMSSD would decrease, while the frequency-domain index LF/HF ratio would increase after exercise.



2. Materials and methods


2.1. Subjects

According to the Overweight and Obesity BMI Screening Criteria for Chinese Students (Ji, 2004), a total of 120 adolescents with obesity (BMI ≥ 25.7 kg/m2), aged 12–14 years old, were randomly selected using a body composition measuring instrument (GAIA KIKO, Korea). Of these, 45 people in the high CF group (High CF, HCF) and 45 people in the low CF group (Low CF, LCF) were randomly divided into three groups according to CF level, 30 people in the MICE group (15 people in HCF, 15 people in LCF people), 30 people in the HIIE group (HCF 15 people, LCF 15 people), and 30 people in the inactive control group (CON; HCF 15 people, LCF 15 people). All subjects met the following inclusion criteria: (1) normal or corrected-to-normal vision; (2) no color blindness; (3) no history of neurological disorders or cardiovascular disease; (4) right-handed (Edinburgh Handedness Questionnaire); and (5) a passing score on the Physical Activity Readiness Questionnaire (PAR-Q) to assesses the ability to complete CF tests. Written informed consent was obtained from the subjects and their legal guardians, and the research protocol was approved by the Ethics Committee of Beijing Sport University.



2.2. Experimental design

A 2 CF levels (HCF, LCF) × 3 exercise methods (MICE, HIIE, CON) × 3 test timing (before exercise = pre, immediately after exercise = post-0, and 20 min after exercise = post-20) mixed experimental design was used. CF level and exercise method were the between-group variables, and the test timing was the within-group variable. Reaction time (RT) and accuracy rate (ACC) of the Stroop task, and the time-domain (RMSSD) and frequency-domain (LF/HF) indices of HRV were the dependent variables.



2.3. Testing and tools


2.3.1. CF test

Based on the safety of the test process and considering the abilities of adolescents with obesity, the submaximal intensity YMCA cycle ergometer (Monark 839E, Sweden) test program was selected to complete the CF evaluation [VO2max (mL/kg/min); Beekley et al., 2004]. CF was rated as very poor, poor, fair, average, good, very good, or excellent. In this study, subjects with good, very good, or excellent CF were included in the HCF group, and subjects with very poor, poor, or fair CF were included in the LCF group (Oberste et al., 2019).



2.3.2. Inhibition control test (Stroop)

All Stroop task evaluations were performed in the laboratory using E-Prime 3.0. First, a white fixation point (+symbol) was displayed in the center of a black computer screen for 500 milliseconds. Then 1,500 milliseconds of color word stimulus was presented randomly after a 300 or 500 millisecond fixation point interval. Color word stimulus consisted of different color words (“red, “yellow,” “green,” and “blue”) presented on a black screen, and was divided into two conditions: congruent and incongruent. The congruent condition occurred when the word matched the font color; for example, when the word “red” was written in red. The incongruent condition occurred when the word did not match the font color; for example, the word “red” was written in green. The number of congruent trials and incongruent trials was 1:1. Subjects were required to judge the color words and respond quickly and accurately to the keys (red “D,” yellow “F,” green “J,” blue “K”). After the subject pressed the key, the trial ended and the next trial began.

The whole Stroop task includes two parts: practice and formal experiment. The practice consisted of 24 trials, while the formal experiment consisted of 96 trials. Practice experiments provided correct and incorrect feedback information, while the formal experiment trials provided no feedback information. The formal experiment was divided into two blocks, with each block containing 48 trials. There was a 30 s interval between the two blocks.



2.3.3. HRV test

An HRV measuring instrument (mega, eMotion HRV 3D, Finland) and HRV-Scanner software were used for HR recording and HRV analysis. The eMotion HRV 3D testing instrument automatically measures the activity of the autonomic nervous system, reflecting the balance of the sympathetic and parasympathetic branches. Several parameters related to heart rate variability were obtained, including time domain indicators (RMSSD) and frequency domain indicators (LF, HF, LF/HF).




2.4. Exercise intervention methods

Studies have found that, in the exercise-cognitive task continuation paradigm, compared with running, cycling has a more significant effect on improving cognitive performance (Lambourne and Tomporowski, 2010). Therefore, both MICE and HIIE in the current study adopted the Bicycle Ergometer Custo Med GmbH ec3000 (United Kingdom). During the exercise, according to the exercise intensity classification standard of Norton et al. (2010), heart rate reserve (HRR) was used to determine exercise intensity, HRR = [(HRmax − HRrest) × %target intensity] + HRrest, low intensity (20–40% HRR), medium intensity (41–60%HRR), high intensity (61–85%HRR).

According to the principle of matching energy consumption (kcal) between MICE and HIIE, the exercise program (Figure 1) was conducted as follows:

[image: Figure 1]

FIGURE 1
 Flow chart of the testing protocol.


1. MICE group: 5 min of low-intensity warm-up, 20 min of moderate-intensity continuous cycling, and 5 min of relaxation, totaling 30 min.

2. HIIE group: 5 min of low-intensity warm-up, 10 rounds of 30 s: 30 s high-intensity exercise intermittent cycling, 5 min of low-intensity relaxation, totaling 20 min.

3. CON group. watch a 30 min neutral video.

Participants wore a Polar H10 heart rate strap (Polar, Kemple, Finland) before each workout and until the end of the workout. Rating of perceived exercise (RPE) was assessed every 5 min throughout the HIIE and MICE exercises.



2.5. Experimental procedure

Participants first filled out the informed consent forms and demographic information was collected, followed by CF test and Stroop task practice. To eliminate the effect of exercise during the CF test, MICE, HIIE, and CON exercises were performed in the three groups 1 week later, and HRV and Stroop’s tasks were evaluated before, immediately after, and 20 min after exercise.



2.6. Statistical analyses

Collected behavioral data was imported into Excel for preprocessing. First, subjects whose correct rate was less than 80% and whose response time was less than 200 milliseconds in the Stroop task were eliminated. Finally, response time and accuracy data beyond ±3 SD were eliminated.

The preprocessed data were analyzed in SPSS 26.0, and the normal distribution of the data was verified by the Shapiro–Wilk normality test. The HR before and after exercise was subjected to a two-factor repeated measure analysis of variance (ANOVA) of the 3 exercise groups (MICE, HIIE, CON) × 3 test timings (pre, post-0, post-20). The response time and accuracy on the Stroop task, as well as the RMSSD and LF/HF of HRV, were, respectively, evaluated for the 2 CF levels (HCF, LCF) × 3 exercise groups (MICE, HIIE, CON) × 3 test timing (pre, post-0, post-20) for three-factor repeated measures ANOVA. Spherical data were analyzed using the Mauchly test, and non-spherical data were analyzed with the Greenhouse–Geisser correction. If ANOVA showed that the second or third-order interaction was significant, a simple-effects analysis was performed, with the significance level set at p < 0.05.




3. Results


3.1. Demographic variables and exercise parameters


3.1.1. Demographic variables

An independent sample t-test was used for demographic variables and showed that there were significant differences between each group in CF (VO2max; ps < 0.05); however, there were no significant differences in age, height, weight, or BMI (ps > 0.05; see Table 1).



TABLE 1 Descriptive statistics of demographic variables and exercise parameters.
[image: Table1]



3.1.2. Exercise parameters

Table 1 shows the maximum heart rate (HRmax), average heart rate (HRav), and average RPE (RPEav) data of the MICE and HIIE groups. All subjects met the requirements of exercise intensity. A two-factor repeated measures ANOVA of HR before and after exercise showed that the main effect of test timing was significant [F (2, 82) = 256.725, p < 0.001, ηp2 = 0.857], the main effect of exercise methods was significant [F (2, 87) = 37.022, p < 0.001, ηp2 = 0.460], and the interaction between test timing and exercise methods was also significant [F (4, 174) = 25.101, p < 0.001, ηp2 = 0.366]. Further simple effect analysis showed that there were significant differences in HR between pre, post-0, and post-20 in MICE and HIIE (ps < 0.001), post-0 > post-20 > pre. There were no significant differences in HR between pre, post-0, and post-20 in CON (ps > 0.05; see Figure 2).

[image: Figure 2]

FIGURE 2
 HR analyses of three groups of subjects before and after exercise.





3.2. Stroop data

The RT and ACC analyses of the Stroop task found that the RT of the congruent condition in each test was significantly lower than that of the incongruent condition (ps < 0.001), and the ACC of the congruent condition was significantly higher than that of the incongruent condition (p < 0.05), indicating a significant Stroop effect. In addition, the RT of participants with HCF in the three groups was significantly lower than that of participants with LCF (ps < 0.01); however, there was no significant difference observed in ACC between the two groups (ps > 0.05; see Table 2).



TABLE 2 Descriptive statistics of Stroop task RT and ACC (M ± SD).
[image: Table2]


3.2.1. RT of congruent Stroop condition

A three-factor repeated measures ANOVA for congruent condition RT was performed (see Table 2 and Figure 3). The main effects of test timing [F (2, 84) = 11.911, p < 0.001, ηp2 = 0.124] and CF level [F (1, 84) = 10.888, p < 0.01, ηp2 = 0.115] were significant. Additionally, the interaction between test timing and exercise method was significant [F (4, 84) = 3.229, p < 0.05, ηp2 = 0.071], the interaction between test timing and CF level was marginally significant (p = 0.050), and the interaction between test timing, exercise methods, and CF level was significant [F (1, 84) = 3.328, p < 0.05, ηp2 = 0.072]. Further simple effect analyses showed that, for the LCF group, there were significant differences between pre and post-0 of MICE (p < 0.01), but post-20 exhibited no significant difference from pre and post-0 (ps > 0.05).

[image: Figure 3]

FIGURE 3
 Congruent condition RT in adolescents with obesity and different CF.


There was no significant difference between pre, post-0, and post-20 of HIIE (ps > 0.05); however, it can be seen from the mean that post-0 is higher than pre and post-20. For the HCF group, both MICE and HIIE showed significant differences between post-0, post-20, and pre (ps < 0.05), but there was no significant difference between post-0 and post-20 (ps > 0.05). In the CON group, there was no significant difference between the two groups in pre, post-0 and post-20(ps > 0.05). Finally, other main and interaction effects were not significant (ps > 0.05).



3.2.2. RT of incongruent Stroop condition

A three-factor repeated measures ANOVA for incongruent condition RT (see Table 2 and Figure 4) showed that the main effect of test timing [F (2, 84) = 17.825, p < 0.001, ηp2 = 0.175] and CF level [F (1, 84) = 18.406, p < 0.001, ηp2 = 0.180] was significant, the interaction of test timing and exercise methods was significant [F (4, 84) = 5.519, p < 0.001, ηp2 = 0.116], and the interaction between test timing, exercise methods, and CF level was also significant [F (4, 84) = 2.716, p < 0.05, ηp2 = 0.061]. Further simple effect analyses showed that, for LCF, there were significant differences between pre and post-0, as well as pre and post-20 of MICE (ps < 0.001), but no significant difference between post-0 and post-20 (p > 0.05); additionally, there was no significant difference between pre and post-0 of HIIE (p > 0.05), but post-20 was significantly different from both pre (p < 0.05) and post-0 (p < 0.005).

[image: Figure 4]

FIGURE 4
 Incongruent condition RT in adolescents with obesity and different CF.


For HCF, both MICE and HIIE exercise methods exhibited significant differences between pre and post-0, as well as pre and post-20 (ps < 0.01); however, there was no significant difference between the post-0 and post-20 (ps > 0.05). In the CON group, there was no significant difference between the two groups in the pre, post-0, and post-20 comparisons (ps > 0.05). Other main and interactions effects were not significant (ps > 0.05).



3.2.3. Stroop ACC

A three-factor repeated measures ANOVA was performed for ACC under both the congruent and incongruent conditions. For congruent condition ACC, only the main effect of test timing was significant [F (2, 84) = 5.648, p < 0.005, ηp2 = 0.063]. Further post hoc comparisons found that there were significant differences between pre and post-0 (p < 0.01), as well as pre and post-20 after exercise (p < 0.05), but there was no significant difference between post-0 and post-20 after exercise (p > 0.05). For the incongruent condition ACC, only the main effect of test timing was significant [F (2, 84) = 6.814, p < 0.001, ηp2 = 0.075]. Further post hoc comparison found no significant difference between pre and post-0 (p > 0.05), a significant difference between pre and post-20 (p < 0.001), and a marginally significant difference between post-0 and post-20 (p = 0.055). Other main and interaction effects of ACC were not significant (ps > 0.05).




3.3. HRV data

Descriptive statistics of HRV time-domain indicators (RMSSD) and frequency-domain indicators (LF/HF) of adolescents with obesity and different CF are shown in Table 3.



TABLE 3 Descriptive statistics of RMSSD and LF/HF.
[image: Table3]


3.3.1. HRV time domain index

A three-factor ANOVA examining RMSSD found that the main effects of test timing [F (2, 83) = 84.659, p < 0.001, ηp2 = 0.671] and exercise methods [F (2, 84) = 9.056, p < 0.001, ηp2 = 0.177] were significant, and the interaction between test timing and exercise methods was also significant [F (4,168) = 16.732, p < 0.001, ηp2 = 0.285]. Further simple effect analyses found that, for both LCF and HCF in the MICE condition, there were significant differences between pre and post-0 (p < 0.001), pre and post-20 (p < 0.01), as well as post-0 and post-20 (p < 0.001; post-0 > post-20 > pre). For both LCF and HCF in the HIIE condition, there were significant differences between pre, post-0, and post-20 (ps < 0.001; post-0 > post-20 > pre). For both LCF and HCF in the CON condition, there were no significant differences between the pre, post-0, and post-20 (ps > 0.05). Finally, there was no significant difference observed between HIIE and MICE before exercise (p > 0.05), but HIIE was significantly lower than MICE between the post-0 and post-20 (ps < 0.05). Other main and interaction effects were not significant (ps > 0.05; see Table 3 and Figure 5).

[image: Figure 5]

FIGURE 5
 RMSSD of adolescents with obesity and different CF.




3.3.2. HRV frequency domain index

A three-way ANOVA for LF/HF found that the main effects of test timing [F (2, 83) = 47.221, p < 0.001, ηp2 = 0.553] and exercise method (F (2, 84) = 9.230, p < 0.0001, ηp2 = 0.180) were significant, and the interaction between test timing and exercise methods [F (4,166) = 11.308, p < 0.001, ηp2 = 0.212] was also significant. Further simple effects analyses found that, for both LCF and HCF, in the MICE condition, there were significant differences between pre and post-0 (p < 0.001), pre and post-20 (p < 0.05), as well as post-0 and post-20 (p < 0.001; post-0 > post-20 > pre). For both LCF and HCF in the HIIE condition, there were significant differences between pre and post-0, pre and post-20, as well as post-0 and post-20 (ps < 0.001; post-0 > post-20 > pre; see Table 3). For the CON group, there were no significant differences between any two pairs of pre, post-0, or post-20 (ps > 0.05). The main effect of CF level was significant [F (1, 84) = 6.023, p < 0.05, ηp2 = 0.067], with the HCF group being significantly higher than the LCF group. Other main effects and interactions were not significant (ps > 0.05; see Table 3 and Figure 6).

[image: Figure 6]

FIGURE 6
 LF/HF in adolescents with obesity and different CF.






4. Discussion

This study primarily explored the time-course effect of acute MICE and HIIE, achieved via power cycling, on inhibitory control and HRV in adolescents with obesity and different cardiorespiratory fitness. The results showed that the cognitive effects of acute MICE and HIIE on obese adolescents after exercise were moderated by cardiorespiratory fitness. In addition, MICE and HIIE had similar effects on HRV in adolescents with obesity with different cardiorespiratory fitness and at different moments after exercise; however, the extent of the effects was different.

The first finding of this study was that the response time under the Stroop incongruent condition (i.e., inhibited response) took longer and was less accurate than those under the Stroop congruent condition (i.e., simple response), showing the typical Stroop effect (Cohen et al., 1990). In addition, the incongruent condition shows a greater decrease in response time than the congruent conditions after exercise, which indicates that the incongruent condition is more sensitive to the positive effects of acute MICE and HIIE than the congruent condition. This is consistent with the findings of Peiffer et al. (2015), who found that, after acute aerobic exercise in older women, the change in incongruent RT on the flanker task was greater than that in the congruent condition, possibly because the incongruent condition required a greater degree of executive control (Kamijo et al., 2007).

The second finding of this study is that Stroop task performance in individuals with high cardiorespiratory fitness is significantly better than in individuals with low cardiorespiratory fitness. Dupuy et al. (2015) found that individuals with higher cardiorespiratory fitness showed faster response time and greater brain oxygenation. Higher cardiorespiratory fitness is often associated with greater cerebral blood flow and cerebral perfusion (Ainslie et al., 2008) and greater utilization of relevant cognitive resources (Mekari et al., 2015), leading to better executive function performance (Huang et al., 2015).

The third finding of this study is that the time course efficiency of acute MICE and HIIE on obese adolescents is moderated by cardiorespiratory fitness. First, all participants showed significantly lower response times and higher accuracy on the Stroop task after MICE compared to before the exercise. However, it should be noted that the positive effect of MICE on individuals with high cardiorespiratory fitness lasted until 20 min after exercise, while participants with low cardiorespiratory fitness recovered Stroop performance to some extent in the delayed stage after exercise, suggesting that participants with high cardiorespiratory fitness obtained more lasting benefits after acute MICE. Similarly, Chu et al. (2015) also found that after 30 min of moderate-intensity riding, the cognition (Stroop) of high-fitness individuals was improved more than that of low-fitness individuals (elderly people). Second, cardiorespiratory fitness significantly moderated cognitive effects after HIIE. Individuals with high cardiorespiratory fitness had significantly lower response time and higher accuracy in both immediate and delayed stages after HIIE. In contrast, HIIE worsened Stroop performance (RT improved) in participants with low cardiorespiratory fitness immediately after exercise, while Stroop performance improved significantly only in inconsistent conditions at 20 min after exercise. Similarly, Cooper et al. (2018) also found that game-based high-intensity interval exercise may be particularly beneficial for adolescents with high cardiorespiratory fitness, but may be detrimental for adolescents with low cardiorespiratory fitness (Stroop and Sternberg).

The effect of exercise intensity may depend on the individual’s tolerance to the stimulation of physical activity, and cardiorespiratory fitness levels may moderate physiological demands and/or perception of exercise stimulation during exercise (American College of Sports Medicine, 2018). For a person who regularly participates in physical activity, moderate or even high-intensity exercise can be quickly adapted and completed, but for those who are inactive or sedentary, even moderate-intensity exercise may be more difficult. The current study found that HIIE worsened Stroop task performance in low cardiorespiratory fitness individuals immediately after HIIE, suggesting that acute HIIE may be too demanding for participants with low cardiorespiratory fitness. For example, Hogan et al. (2015) found that a 20 min session of moderate-intensity aerobic exercise can improve the inhibitory control (Flanker) performance of adolescents with high cardiorespiratory fitness, but reduces the inhibitory control performance of adolescents with low cardiorespiratory fitness. In contrast to individuals with low cardiorespiratory fitness, individuals with high cardiorespiratory fitness have more lasting benefits after acute MICE and HIIE, possibly because individuals with high cardiorespiratory fitness were accustomed to greater metabolic load and thus had fewer exercise task constraints. Thus, more resources are allocated to cognitive tasks (Brisswalter et al., 2002). Meanwhile, the enhancement of brain lactic acid metabolism caused by high-intensity exercise may also be another possible reason for the improvement of HIIE’s extended executive function (Tsukamoto et al., 2016).

It is also important to note that Gejl et al. (2018) argued that high cardiorespiratory fitness was not a prerequisite for temporary improvements in executive function, as participants with low and high cardiorespiratory fitness seemed to benefit to the same extent (Ludyga et al., 2016). Drollette et al. (2014) also believe that individuals with high cardiorespiratory fitness are more likely to have a ceiling effect in cognitive assessment, while individuals with low cardiorespiratory fitness may have more room for improvement after a single exercise. As summarized in an analysis by Brisswalter et al. (2002), there are conflicting results regarding the effect of cardiorespiratory fitness on cognitive performance during or after acute exercise; thus, further research will contribute to a better understanding of the role of cardiorespiratory fitness in cognitive improvement after acute exercise.

The fourth finding of this study was that MICE and HIIE produced similar but different time course efficiency on HRV in obese adolescents with different cardiopulmonary fitness. Compared with the control group, RMSSD was significantly reduced and LF/HF were significantly increased in all participants in the immediate and delayed stages after MICE and HIIE, but the degree of influence of HIIE on HRV-related indicators was greater than that of MICE, indicating that HIIE induced lower HRV and higher arousal level after exercise compared with MICE. During exercise, sympathetic nerve activity increases and parasympathetic nerve activity decreases. This autonomic regulation of cardiac activity is modulated by exercise intensity; the greater the intensity of exercise, the more sympathetic and less parasympathetic nervous system activation (Kaikkonen et al., 2010), the lower the HRV after exercise (Kaikkonen et al., 2007). The shift from balanced HRV to sympathetic dominance reflects increased arousal levels that contribute to executive function (Kashihara et al., 2009).

In addition, changes in RMSSD and LF/HF in high cardiorespiratory fitness individuals were greater than those in low cardiorespiratory fitness individuals in the immediate and delayed stages after MICE and HIIE, indicating that exercise-induced arousal levels in high cardiorespiratory fitness individuals were higher than those in low cardiorespiratory fitness individuals. However, it is important to note that at the delayed phase after exercise, arousal levels of the low cardiorespiratory fitness individuals recovered somewhat, but arousal levels of the high cardiorespiratory fitness individuals remained at higher levels, which may be one reason why the individuals with high cardiorespiratory fitness experienced more lasting benefits after acute MICE and HIIE. The study also found that Stroop task performance in individuals with low cardiorespiratory fitness was improved (decreased RT) immediately after MICE, but worsened (increased RT) immediately after HIIE. According to the inverted U hypothesis (Yerkes and Dodson, 1908), if MICE induces the appropriate arousal level for cognitive performance in the low cardiorespiratory fitness group after exercise, However, the arousal induced immediately after HIIE exercise may exceed the appropriate arousal level to induce positive cognitive effects, resulting in decreased behavioral performance.

The current study has some limitations. First of all, due to the particularity of the subject group, difficulties in the selection of subjects such as the opposition from parents, and the loss of subjects in the exercise intervention, the number of subjects in this study is finally small. In addition, the selection criteria for obese adolescents are lower than international standards, which may affect the interpretation of the more real results of the study. Second, based on the safety of the exercise intervention of the subjects, the submaximal intensity YMCA cycle ergometer test program was selected to complete the cardiorespiratory fitness test, instead of using the more standard gas analysis test method, which may have a certain impact on the division of cardiorespiratory fitness groups. Third, due to the short-term HRV test of 5 min, the Stroop task test immediately after exercise was delayed by 5 min, which may affect the judgment of the subjects’ cognitive effects immediately after exercise. Fourth, this study only investigated the temporal effects immediately and at 20 min after acute MICE and HIIE, not the longer duration, the duration of cognitive effects after acute MICE and HIIE remains unknown. Therefore, based on the above limitations, further research is needed on the acute exercise-cognition relationship.



5. Conclusion

The current study found that the acute effects of MICE and HIIE on inhibitory control in obese adolescents were influenced by the interaction of cognitive test timing and cardiorespiratory fitness. Individuals with high cardiorespiratory fitness performed better on the Stroop task than individuals with low cardiorespiratory fitness. The inhibitory control of HIIE in high-cardiorespiratory obese adolescents produced positive effects similar to those in MICE but more lasting, suggesting that HIIE is more beneficial for high-cardiorespiratory obese adolescents. MICE promoted inhibitory control in obese adolescents with low cardiorespiratory fitness, but HIIE impaired inhibitory control in obese adolescents with low cardiorespiratory fitness immediately after exercise, suggesting that low cardiopulmonary fitness obese adolescents may be suitable for MICE rather than HIIE exercise intervention. Therefore, it is recommended that obese adolescents consider their cardiorespiratory fitness level when choosing the type of exercise that is the most time efficient and maximizes cognitive ability. In addition, the study found that the shift from balanced HRV to sympathetic dominance after acute exercise reflects increased arousal levels and may be one of the underlying mechanisms by which acute exercise brings benefits to executive function.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by the Ethics Committee of Beijing Sport University. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.



Author contributions

Z-TF: research design, data analysis, and writing. Z-XM: writing—review and editing. F-BL: designing computer programs and data curation. X-WO: experiment implementation and data collection. All authors contributed to the article and approved the submitted version.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Ahern, G. L., Sollers, J. J., Lane, R. D., Labiner, D. M., Herring, A. M., Weinand, M. E., et al. (2001). Heart rate and heart rate variability changes in the intracarotid sodium amobarbital test. Epilepsia 42, 912–921. doi: 10.1046/j.1528-1157.2001.042007912.x 

 Ainslie, P. N., Cotter, J. D., George, K. P., Lucas, S., Murrell, C., Shave, R., et al. (2008). Elevation in cerebral blood flow velocity with aerobic fitness throughout healthy human aging. J. Physiol. 586, 4005–4010. doi: 10.1113/jphysiol.2008.158279

 American College of Sports Medicine. (2018). ACSM’s guidelines for exercise testing and prescription. (10th). New York: Lippincott Williams and Wilkins.

 Anish, E. J. (2005). Exercise and its effects on the central nervous system. Curr. Sports Med. Rep. 4, 18–23. doi: 10.1097/01.CSMR.0000306066.14026.77 

 Audiffren, M., and Andre, N. (2015). The strength model of self-control revisited: linking acute and chronic effects of exercise on executive functions. J. Sport Health Sci. 4, 30–46. doi: 10.1016/j.jshs.2014.09.002

 Bailey, R. C., Olson, J., Pepper, S. L., Porszasz, J., Barstow, T. J., and Cooper, D. M. (1995). The level and tempo of children’s physical activities: an observational study. Med. Sci. Sports Exerc. 27, 1033–1041. doi: 10.1249/00005768-199507000-00012 

 Beekley, M. D., Brechue, W. F., Dehoyos, D. V., Garzarella, L., Werber-Zion, G., and Pollock, M. L. (2004). Cross-validation of the YMCA submaximal cycle ergometer test to predict VO2 max. Res. Q. Exerc. Sport 75, 337–342. doi: 10.1080/02701367.2004.10609165

 Benda, N. M., Seeger, J. P., Stevens, G. G., Hijmanskersten, B. T., Van Dijk, A. P., Bellersen, L., et al. (2015). Effects of high-intensity interval training versus continuous training on physical fitness, cardiovascular function and quality of life in heart failure patients. PLoS One 10:141256. doi: 10.1371/journal.pone.0141256 

 Biddle, S. J., and Batterham, A. M. (2015). High-intensity interval exercise training for public health: a big HIT or shall we HIT it on the head? Int. J. Behav. Nutr. Phys. Act. 12:95. doi: 10.1186/s12966-015-0254-9

 Brisswalter, J., Collardeau, M., and Rene, A. (2002). Effects of acute physical exercise characteristics on cognitive performance. Sports Med. 32, 555–566. doi: 10.2165/00007256-200232090-00002

 Buchan, D. S., Ollis, S., Young, J. D., Cooper, S. M., and Baker, J. S. (2013). High-intensity interval running enhances measures of physical fitness but not metabolic measures of cardiovascular disease risk in healthy adolescents. BMC Public Health 13:498. doi: 10.1186/1471-2458-13-498

 Byun, K., Hyodo, K., Suwabe, K., Ochi, G., Sakairi, Y., Kato, M., et al. (2014). Positive effect of acute mild exercise on executive function via arousal-related prefrontal activations: an fNIRS study. NeuroImage 98, 336–345. doi: 10.1016/j.neuroimage.2014.04.067 

 Chang, Y., Labban, J. D., Gapin, J. I., and Etnier, J. L. (2012). The effects of acute exercise on cognitive performance: a meta-analysis. Brain Res. 2, 87–101. doi: 10.1016/j.brainres.2012.02.068 

 Chu, C., Chen, A., Hung, T., Wang, C., and Chang, Y. (2015). Exercise and fitness modulate cognitive function in older adults. Psychol. Aging 30, 842–848. doi: 10.1037/pag0000047 

 Cohen, J. D., Dunbar, K., and McClelland, J. L. (1990). On the control of automatic processes: a parallel distributed processing account of the Stroop effect. Psychol. Rev. 97, 332–361. doi: 10.1037/0033-295X.97.3.332 

 Cooper, S. B., Dring, K. J., Morris, J. G., Sunderland, C., Bandelow, S., and Nevill, M. E. (2018). High intensity intermittent games-based activity and adolescents’ cognition: moderating effect of physical fitness. BMC Public Health 18:603. doi: 10.1186/s12889-018-5514-6

 Cui, J., and Li, L. (2016). Review of research progress on the relationship between obesity and cognitive function. Beijing:China School Physical Education. (3), 83–87

 Cui, J., Zou, L., Herold, F., Yu, Q., Jiao, C., Zhang, Y., et al. (2020). Does cardiorespiratory fitness influence the effect of acute aerobic exercise on executive function? Front. Hum. Neurosci. 14:569010. doi: 10.3389/fnhum.2020.569010 

 Deng, J. W., and Cao, L. (2019). Research progress of high-intensity interval training and health promotion in children and adolescents. China Sports Sci. Technol. 55, 21–34.

 Diamond, A. (2013). Executive functions. Annu. Rev. Psychol. 64, 135–168. doi: 10.1146/annurev-psych-113011-143750 

 Doroszewska, G., Kaźmierczak, H., and Doroszewski, W. (2000). Risk factors for inner ear diseases. Polski Merkuriusz Lekarski: Organ Polskiego Towarzystwa Lekarskiego 9, 751–754.

 Drollette, E. S., Scudder, M. R., Raine, L. B., Moore, R. D., Saliba, B. J., Pontifex, M. B., et al. (2014). Acute exercise facilitates brain function and cognition in children who need it most: an ERP study of individual differences in inhibitory control capacity. Dev. Cogn. Neurosci. 11, 53–64. doi: 10.1016/j.dcn.2013.11.001 

 Dum, R. P., Levinthal, D. J., and Strick, P. L. (2016). Motor, cognitive, and affective areas of the cerebral cortex influence the adrenal medulla. Proc. Natl. Acad. Sci. U. S. A. 113, 9922–9927. doi: 10.1073/pnas.1605044113 

 Dupuy, O., Gauthier, C. J., Fraser, S. A., Desjardins-Crepeau, L., Desjardins, M., Mekary, S., et al. (2015). Higher levels of cardiovascular fitness are associated with better executive function and prefrontal oxygenation in younger and older women. Front. Hum. Neurosci. 9:66. doi: 10.3389/fnhum.2015.00066 

 Ferris, L. T., Williams, J. S., and Shen, C. (2007). The effect of acute exercise on serum brain-derived neurotrophic factor levels and cognitive function. Med. Sci. Sports Exerc. 39, 728–734. doi: 10.1249/mss.0b013e31802f04c7 

 Gayda, M., Ribeiro, P. A., Juneau, M., and Nigam, A. (2016). Comparison of different forms of exercise training in patients with cardiac disease: where does high-intensity interval training fit? Can. J. Cardiol. 32, 485–494. doi: 10.1016/j.cjca.2016.01.017 

 Gejl, A. K., Bugge, A., Ernst, M. T., Tarp, J., Hillman, C. H., Have, M., et al. (2018). The acute effects of short bouts of exercise on inhibitory control in adolescents. Ment. Health Phys. Act. 15, 34–39. doi: 10.1016/j.mhpa.2018.06.003

 Hillman, C. H., and Biggan, J. R. (2017). A review of childhood physical activity, brain, and cognition: perspectives on the future. Pediatr. Exerc. Sci. 29, 170–176. doi: 10.1123/pes.2016-0125 

 Hillman, C. H., Motl, R. W., Pontifex, M. B., Posthuma, D., Stubbe, J. H., Boomsma, D. I., et al. (2006). Physical activity and cognitive function in a cross-section of younger and older community-dwelling individuals. Health Psychol. 25, 678–687. doi: 10.1037/0278-6133.25.6.678 

 Hogan, M., Ohora, D., Kiefer, M., Kubesch, S., Kilmartin, L., Collins, P., et al. (2015). The effects of cardiorespiratory fitness and acute aerobic exercise on executive functioning and EEG entropy in adolescents. Front. Hum. Neurosci. 2015:538. doi: 10.3389/fnhum.2015.00538 

 Hötting, K., Schickert, N., Kaiser, J., Roder, B., and Schmidtkassow, M. (2016). The effects of acute physical exercise on memory, peripheral BDNF, and cortisol in young adults. Neural Plast. 2016:6860573. doi: 10.1155/2016/6860573 

 Hsu, C. L., Voss, M. W., Best, J. R., Handy, T. C., Madden, K., Bolandzadeh, N., et al. (2015). Elevated body mass index and maintenance of cognitive function in late life: exploring underlying neural mechanisms. Front. Aging Neurosci. 7:155. doi: 10.3389/fnagi.2015.00155 

 Huang, T., Tarp, J., Domazet, S. L., Thorsen, A. K., Froberg, K., Andersen, L. B., et al. (2015). Associations of adiposity and aerobic fitness with executive function and math performance in Danish adolescents. J. Pediatr. 167, 810–815. doi: 10.1016/j.jpeds.2015.07.009 

 Hüttermann, S., and Memmert, D. (2014). Does the inverted-U function disappear in expert athletes? An analysis of the attentional behavior under physical exercise of athletes and non-athletes. Physiol. Behav. 131, 87–92. doi: 10.1016/j.physbeh.2014.04.020 

 Ji, C. Y. (2004). Application of BMI screening criteria for overweight and obesity in Chinese students. Chin. J. School Health 25, 125–128.

 Kaikkonen, P., Hynynen, E., Mann, T., Rusko, H., and Nummela, A. (2010). Can HRV be used to evaluate training load in constant load exercises? Eur. J. Appl. Physiol. 108, 435–442. doi: 10.1007/s00421-009-1240-1 

 Kaikkonen, P., Nummela, A., and Rusko, H. (2007). Heart rate variability dynamics during early recovery after different endurance exercises. Eur. J. Appl. Physiol. 102, 79–86. doi: 10.1007/s00421-007-0559-8 

 Kamijo, K., Nishihira, Y., Higashiura, T., and Kuroiwa, K. (2007). The interactive effect of exercise intensity and task difficulty on human cognitive processing. Int. J. Psychophysiol. 65, 114–121. doi: 10.1016/j.ijpsycho.2007.04.001 

 Kao, S. C., Westfall, D. R., Soneson, J., Gurd, B. J., and Hillman, C. H. (2017). Comparison of the acute effects of high-intensity interval training and continuous aerobic walking on inhibitory control. Psychophysiology 54, 1335–1345. doi: 10.1111/psyp.12889 

 Kashihara, K., Maruyama, T., Murota, M., and Nakahara, Y. (2009). Positive effects of acute and moderate physical exercise on cognitive function. J. Physiol. Anthropol. 28, 155–164. doi: 10.2114/jpa2.28.155 

 Kujach, S., Byun, K., Hyodo, K., Suwabe, K., Fukuie, T., Laskowski, R., et al. (2018). A transferable high-intensity intermittent exercise improves executive performance in association with dorsolateral prefrontal activation in young adults. NeuroImage 169, 117–125. doi: 10.1016/j.neuroimage.2017.12.003 

 Lambourne, K., and Tomporowski, P. (2010). The effect of exercise-induced arousal on cognitive task performance: a meta-regression analysis. Brain Res. 1341, 12–24. doi: 10.1016/j.brainres.2010.03.091 

 Lambrick, D., Stoner, L., Grigg, R., and Faulkner, J. (2016). Effects of continuous and intermittent exercise on executive function in children aged 8–10 years. Psychophysiology 53, 1335–1342. doi: 10.1111/psyp.12688 

 Li, L., Zhang, S., Cui, J., Chen, L. Z., Wang, X., Fan, M., et al. (2019). Fitness-dependent effect of acute aerobic exercise on executive function. Front. Physiol. 10:902. doi: 10.3389/fphys.2019.00902 

 Ludyga, S., Gerber, M., Brand, S., Holsboer-Trachsler, E., and Pühse, U. (2016). Acute effects of moderate aerobic exercise on specific aspects of executive function in different age and fitness groups: a meta-analysis. Psychophysiology 53, 1611–1626. doi: 10.1111/psyp.12736 

 Marco, E. M., Macrì, S., and Laviola, G. (2011). Critical age windows for neurodevelopmental psychiatric disorders: evidence from animal models. Neurotox. Res. 19, 286–307. doi: 10.1007/s12640-010-9205-z 

 Mathewson, K. J., Jetha, M. K., Drmic, I. E., Bryson, S. E., Goldberg, J. O., Hall, B., et al. (2010). Autonomic predictors of Stroop performance in young and middle-aged adults. Int. J. Psychophysiol. Off. J. Int. Org. Psychophysiol. 76, 123–129. doi: 10.1016/j.ijpsycho.2010.02.007 

 McAuley, E., Kramer, A. F., and Colcombe, S. J. (2004). Cardiovascular fitness and neurocognitive function in older adults: a brief review. Brain Behav. Immun. 18, 214–220. doi: 10.1016/j.bbi.2003.12.007 

 Mekari, S., Fraser, S., Bosquet, L., Bonnery, C., Labelle, V., Pouliot, P., et al. (2015). The relationship between exercise intensity, cerebral oxygenation and cognitive performance in young adults. Eur. J. Appl. Phys. 115, 2189–2197. doi: 10.1007/s00421-015-3199-4

 Michael, S., Graham, K. S., and Davis, G. M. (2017). Cardiac autonomic responses during exercise and post-exercise recovery using heart rate variability and systolic time intervals—a review. Front. Physiol. 8:301. doi: 10.3389/fphys.2017.00301

 Moreau, D., and Chou, E. (2019). The acute effect of high-intensity exercise on executive function: a meta-analysis. Perspect. Psychol. Sci. 14, 734–764. doi: 10.1177/1745691619850568 

 Murray, N. P., and Russoniello, C. (2012). Acute physical activity on cognitive function: a heart rate variability examination. Appl. Psychophysiol. Biofeedback 37, 219–227. doi: 10.1007/s10484-012-9196-z 

 Norton, K., Norton, L., and Sadgrove, D. (2010). Position statement on physical activity and exercise intensity terminology. J. Sci. Med. Sport 13, 496–502. doi: 10.1016/j.jsams.2009.09.008 

 O’Leary, K. C., Pontifex, M. B., Scudder, M. R., Brown, M. L., and Hillman, C. H. (2011). The effects of single bouts of aerobic exercise, exergaming, and videogame play on cognitive control. Clin. Neurophysiol. 122, 1518–1525. doi: 10.1016/j.clinph.2011.01.049 

 Oberste, M., Javelle, F., Sharma, S., Joisten, N., Walzik, D., Bloch, W., et al. (2019). Effects and moderators of acute aerobic exercise on subsequent interference control: a systematic review and meta-analysis. Front. Psychol. 10:2616. doi: 10.3389/fpsyg.2019.02616

 Peiffer, R., Darby, L. A., Fullenkamp, A., and Morgan, A. L. (2015). Effects of acute aerobic exercise on executive function in older women - PMC (nih.gov). J. Sports Sci. Med. 14:574.

 Pontifex, M. B., McGowan, A. L., Chandler, M. C., Gwizdala, K. L., Parks, A. C., Fenn, K., et al. (2019). A primer on investigating the after effects of acute bouts of physical activity on cognition. Psychol. Sport Exerc. 40, 1–22. doi: 10.1016/j.psychsport.2018.08.015

 Shaffer, F., McCraty, R., and Zerr, C. L. (2014). A healthy heart is not a metronome: an integrative review of the heart’s anatomy and heart rate variability. Front. Psychol. 5:001040. doi: 10.3389/fpsyg.2014.01040

 Sofi, F., Valecchi, D., Bacci, D., Abbate, R., Gensini, G. F., Casini, A., et al. (2011). Physical activity and risk of cognitive decline: a meta-analysis of prospective studies. J. Intern. Med. 269, 107–117. doi: 10.1111/j.1365-2796.2010.02281.x 

 Spear, L. P. (2013). Adolescent neurodevelopment. J. Adolesc. Health 52, S7–S13. doi: 10.1016/j.jadohealth.2012.05.006 

 Sweat, V., Yates, K. F., Migliaccio, R., and Convit, A. (2017). Obese adolescents show reduced cognitive processing speed compared with healthy weight peers. Child. Obes. 13, 190–196. doi: 10.1089/chi.2016.0255

 Tee, J. Y. H., Gan, W. Y., Tan, K. A., and Chin, Y. S. (2018). Obesity and unhealthy lifestyle associated with poor executive function among Malaysian adolescents. PLoS One 13:e0195934. doi: 10.1371/journal.pone.0195934 

 Thayer, J. F., Hansen, A. L., Saus-Rose, E., and Johnsen, B. H. (2009). Heart rate variability, prefrontal neural function, and cognitive performance: the neurovisceral integration perspective on self-regulation, adaptation, and health. Ann. Behav. Med. Publ. Soc. Behav. Med. 37, 141–153. doi: 10.1007/s12160-009-9101-z 

 Tsukamoto, H., Suga, T., Takenaka, S., Tanaka, D., Takeuchi, T., Hamaoka, T., et al. (2016). Greater impact of acute high-intensity interval exercise on post-exercise executive function compared to moderate-intensity continuous exercise. Physiol. Behav. 155, 224–230. doi: 10.1016/j.physbeh.2015.12.021 

 Voss, M. W., Nagamatsu, L. S., Liu-Ambrose, T., and Kramer, A. F. (2011). Exercise, brain, and cognition across the life span. J. Appl. Physiol. 111, 1505–1513. doi: 10.1152/japplphysiol.00210.2011 

 Weissman, D. G., Guyer, A. E., Ferrer, E., Robins, R. W., and Hastings, P. D. (2018). Adolescents’ brain-autonomic coupling during emotion processing. NeuroImage 183, 818–827. doi: 10.1016/j.neuroimage.2018.08.069 

 Wu, Y., Li, J. D., Zhu, S. P., and Ren, Y. X. (2017). Risk and treatment of adolescent obesity. Chin. J. Obesity Metabol. Diseases (Electronic Edition) 3, 70–73.

 Xie, C., Zhang, Y. K., Cui, C., Wu, X. P., and Zhou, C. L. (2017). A study on the characteristics of multidimensional cognitive function in obese adolescents. J. Tianjin Univ. Phys. Educ. 1, 73–77.

 Yang, Y., Shields, G. S., Guo, C., and Liu, Y. (2018). Executive function performance in obesity and overweight individuals: a meta-analysis and review. Neurosci. Biobehav. Rev. 84, 225–244. doi: 10.1016/j.neubiorev.2017.11.020 

 Yerkes, R. M., and Dodson, J. D. (1908). The relation of strength of stimulus to rapidity of habit-formation. J. Comp. Neurol. Psychol. 18, 459–482. doi: 10.1002/cne.920180503

 Zhang, N., and Ma, G. S. (2017). Interpretation of the Report on Childhood Obesity in China. J. Nutr. 39:5.

 Zhong, X., Hilton, H. J., Gates, G. J., Jelic, S., Stern, Y., Bartels, M. N., et al. (2005). Increased sympathetic and decreased parasympathetic cardiovascular modulation in normal humans with acute sleep deprivation. J. Appl. Physiol. 98, 2024–2032. doi: 10.1152/japplphysiol.00620.2004 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Time course efficiency of MICE and HIIE on inhibitory control and HRV in adolescents with obesity and different cardiorespiratory fitness



		1. Introduction



		2. Materials and methods



		2.1. Subjects



		2.2. Experimental design



		2.3. Testing and tools



		2.3.1. CF test



		2.3.2. Inhibition control test (Stroop)



		2.3.3. HRV test









		2.4. Exercise intervention methods



		2.5. Experimental procedure



		2.6. Statistical analyses









		3. Results



		3.1. Demographic variables and exercise parameters



		3.1.1. Demographic variables



		3.1.2. Exercise parameters









		3.2. Stroop data



		3.2.1. RT of congruent Stroop condition



		3.2.2. RT of incongruent Stroop condition



		3.2.3. Stroop ACC









		3.3. HRV data



		3.3.1. HRV time domain index



		3.3.2. HRV frequency domain index















		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Publisher’s note



		References



















OPS/images/cover.jpg
& frontiers | Frontiers in Public Health

Pre-exposure prophylaxis among
Brazilian men who have sex with
men: a comparative study
between migrants and
non-migrants












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
& frontiers Frontiers in Public Health






OPS/images/fpsyg-14-1242190-g005.jpg
ms

ms

6000

50.00

4000

30.00

2000

10.00

60.00

50.00

40.00

30.00

2000

1000

LCF

= MICE
= HIE
= *CON

pre post-0 post-20

HCF

= MICE
== HIE
= *CON

.00

pre post-0 post-20





OPS/images/fpsyg-14-1242190-g006.jpg
ms2

ms2

60000

50000

40000

30000

20000

1.0000

8.0000

60000

4.0000

20000

i

pre post-0

HCF

post-20

L |

pre post-0

post-20

= MICE
=t HIE
= *CON

=—MICE
—i
= *CON





OPS/images/fpsyg-14-1242190-g003.jpg
ms

ms

680

860

640

620

600

580

560

625

600

575

550

525

= MICE
= HIE
= *CON

pre

post-0 post-20

HCF

S

= MICE
==+ HIE
= *CON

pre

post-0 post-20





OPS/images/fpsyg-14-1242190-g004.jpg
ms

ms

800

750

700

650

LCF

= MICE
=+ HIE
= *CON

700

680

660

640

620

600

580

560

pre post-0

HCF

=—MICE
= HIE
= *CON

pre post-0





OPS/images/fpsyg-14-1242190-t003.jpg
fitness

H-fitness

L-fitness

H-fitness

L-fitness

H-fitness

pre-RMSSD (ms)
POSL-ORMSSD (ms)
Post-20RMSSD (ms)
pre-LF (n.u.)
POSLOLE (n.u)
post-20LF (n.u.)
pre-HE (n.u)
post-OHF (n.u.)
Post-20HF (n.u)
pre-LE/HE
post-OLF/HE

post-20LF/HE

44,05+ 2291
12154905
30.36 42159
633421252
7654 £ 13.61
5636+ 22.12
36,66+ 1252
221974
25.72413.09
2014094
419£204

2554127

3981+ 23.99
1418 £ 1053
26.09+20.05
623541195
7691 £10.64
672942133
3678+ 1112
2310+ 1064
291241158
1914099
4.60£2.03

335193

422042536

8834507
17454606
57.89+17.62
7809+ 11.43
673541531
372541677
19244717
279141028
1554072
455+ 1.62

2744110

40.91£20.05
835581
16744811
58.98 +15.00
82131034
77.03 410,63
3605+ 1284
17.87£1033
229741063
194091
625+252

425£130

3208+17.20

36.98 £ 14.50

39771405

6072+ 19.28

6636+ 13.31

6079+ 15,11

3245+ 1146

42,05+ 16.85

3875+ 16.07

1954047

1654039

1364030

33811776

3607+ 1273

401641529

64.21£7.57

68.78+13.97

632341032

31181030

4157 £16.69

2649+ 10.30

2524093

2294122

198 +0.98





OPS/images/fpsyg-14-1242190-t001.jpg
L-fitness

H-fitness

L-fitness

H-fitness

L-fitness

H-fitness

Age (years)

Weight (kg)

Height (m)

BMI

VO, (ml/kg/min)
HRmax (bpm)
HRav (bpm)
RPEay

13.07 £059

76.8149.27

166+ 0.08

28494278

37.724496

16247 578

147.27£420

12,64 4048

1313064
7419 +7.88
164005
27.69+251
5080+ 478
16107536
148.20 £3.39

1236 £052

13.07£0.59
7665+ 8.18
163008
28.76+2.99
37.03£4.96
17880 £6.20
15893451

1486+ 0.44

1340063
7451 £1032
166007
28004221
49.537£3.50
18100 £ 693
15953 £4.66

14214048

1317 £049
773241026
1.6+ 008
2858271
36934428
86754284
7954324

9,644 0.67

13204048

747149.11

166007

2838+ 2.66

49.60 4 4.19

81374567

76584338

9.61+0.61





OPS/images/fpsyg-14-1242190-t002.jpg
post-ORT post-20RT post- post-

Condition  Method CF pre-RT (ms)

(ms) (ms) OACC (%) = 20ACC (%)
LCE 630.22.458.60 59007+ 50.14 6070844438 | 93.06+3.46 94814299 | 94724358
MICE
HCF 594307314 56035+ 70.43 5524247312 | 9407471 94.99.£3.94 95.63£322
LCF 621,96 £ 7101 640.60 +70.08 6195746882 | 93.67%363 9544346 | 9481346
Congruent HIIE
HCF 59070 £ 74,65 54929 £ 65.83 SSLS5E6400 | 9438+332 96.11£302 | 9633282
LCF 6256+ 80.37 62060 +75.93 6230746866 | 9478393 9481312 | 95284327
CON
HCF 584,53 £ 77.68 579.00£71.28 S80.03£77.27 | 9429401 9576308 | 9430432
LCF 709.91 £63.07 65343+ 64.89 663585036 | 9126375 9305345 | 9305£401
MICE
HCF 653.01 478,07 60045+ 78.94 5990847746 | 9LIl+413 9204369 | 9392319
LCF 70558 + 78.47 72453+ 68.64 6768246140 | 90.56+374 9128379 | 92694374
Incongruent HIIE
HCF 648.89 £ 81.73 60341 £75.09 61249 £ 7581 9213276 9231352 | 9350315
LCE 71073 £ 80.91 707.93 £75.03 70313£8292 9138 %361 9203377 | 9239£407
CON

HCF 641.87473.99 635.67+77.44 638.27475.92 9165+ 3.89 92.4443.68 92.6843.73





OPS/images/fpsyg-14-1242190-g001.jpg
Mice | :
k=3 o o
o = :
CON R






OPS/images/fpsyg-14-1242190-g002.jpg





